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ABSTRACT




University of New Hampshire, December, 1996
The analytical electrophoresis apparatus (AEA) is capable of generating and 
monitoring the electrophoretic migration of macroions. The oligonucleotide pd(A),0 »pd(T)20 
was use as a model to compound to evaluate the range and validity of AEA measurements 
under a variety of electric fields and solvent conditions. A broad range of electric fields yield 
consistent, reproducible values. The charge determination from different procedures, steady 
state electrophoresis (SSE) and electrophoretic mobility, have not been consolidated into a 
consistent theory but advancements in the scope and understanding of the AEA’s potential 
have been made. The apparent charge from the AEA measured electrophoretic mobility, p, 
of pd(A)20*pd(T)20 shows more sensitivity to solution conditions (different chloride salts or 
ionic strength in a buffer of 20 mM Tris, pH 8.0, at 20 °C ) than the SSE determined Qapp. 
The electrophoretic mobility of pd(A)a, • pd(T),o increases with decreasing ionic strength (100 
mM KCl to 20 mM KCl salt conditions) and show a direct relationship (possibly coupled 
flow) to the mobility (and the cation affinity to DNA) of the different chloride salt [Li*\ Na 
+, K+, and (CH^N +]. The combined SSE data (global nonlinear fit of all fields, one solution 
condition) suggest a single value for the apparent charge of around 5 e (electron units)
xiii
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INTRODUCTION
Developments in Electrophoretic Analysis
The phenomenon of electrical attraction and repulsion was first measured 
quantitatively by Charles Augustin de Coulomb in 1785. The terms positive and negative 
charge were coined by Benjamin Franklin to describe the kind of electricity that appeared on 
particular substances. In modem biochemistry, it is known that the interplay between charged 
groups on macromolecules significantly influences their stability and association. Progress 
has been made on the theoretical aspects of these relations. However, charge is difficult to 
measure in solution. Electrophoresis is the most direct means of ascertaining a 
raacroraolecule’s charge. The development of electrophoretic techniques has been an 
essential component in characterizing the role of charge
Early theoretical work on electrophoretic migration was done by such luminaries as 
Helmholtz (26, 32) and Smoluchowski (18, 32). Practical applications, such as isoelectric 
focusing, were being investigated in the early twentieth century by Hardy (5, 22) and 
Michaelis (5, 43), among others. Significant advances on these works were to come later 
from Hiickel, Henry, Overbeek and Booth (5, 32, 55). Experimental investigation of the 
evolving theory, however, was hampered not only by the inherent difficulties in trying to 
measure the charge, but also by the limitations of the experimental apparatus. The 
development of devices capable of analytical electrophoresis has been essential in expanding
1
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2the understanding of the charge-related properties of macromolecules.
The Hittorf method (circa 1868) was the first regularly-employed procedure for 
measuring the electrophoretic velocity of a material. A current was sent through a 
homogeneous colloidal solution and the amount of colloid that accumulated at the electrode 
after a specific time was considered proportional to the velocity of the material
Building on this technique was the moving boundary method. The observation that 
an electric field (E field) displaced the boundary between solutions containing dispersed ions 
and one free of those particles inspired the development of U-shaped tubes capable of 
monitoring such boundaries. An apparatus used by Burton (circa 1904) and Michaelis had 
the lower portion of the tube filled with the solution and the top filled with solvent. A current 
was applied through electrodes at opposite openings of the tubes and the movement of the 
boundaries (ascending and descending limbs) was proportional to the velocity of the ionic 
species. However, such a large number of experimental conditions needed to be met that only 
a limited set of substances were investigated successfully with this method. Improvements to 
the technique were required.
Applying the same fundamental principles and design as found with the moving 
boundary method, the Tiselius apparatus (developed in the 1930's) incorporated several 
advances which permitted significantly broader applications (5,32). Techniques based on this 
apparatus dominated electrophoretic velocity determination for the next 50 years. This 
apparatus provided a cleaner boundary between pure solvent and the macromolecular solution 
by sliding two parts of the U-tube across each other. Furthermore, optical detection of the 
moving boundary was made easier by making the U-shaped tube rectangular instead of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3circular. Separate chambers were added for the electrodes to reduce contamination from 
electrolysis products. Schlieren and interference optics were added as those technologies 
developed. The Tiselius apparatus allowed many of the theoretical developments in 
electrophoresis and electrostatics to be investigated experimentally.
The Tiselius apparatus is not without its limitations. Analysis requires significant 
quantities of material and skilled operators. The Analytical Electrophoresis Apparatus 
(AEA), presently under development, offers the same sorts of measurements as the Tiselius 
device but requires substantially less material and allows several measurements to be made 
on a single sample (51). In addition to the traditional electrophoresis and diffusion 
measurements, the AEA provides the unique capacity of generating and measuring 
steady-state gradients.
Macroion charge characteristics can be investigated in the AEA using four 
complementary measurements: 1) the steady-state electrophoresis (SSE) concentration 
distribution, 2) the electrophoretic mobility (p), 3) the diffusion coefficient in the absence of 
an electric field (D0), and 4) the diffusion coefficient in the presence of an electric field (De). 
One purpose of this work is to explore this range of measurements using a model compound 
to further the development of the AEA as a biophysical tooL
Using pd(A)20 «pdfD,0 as a Model Compound 
A model compound was selected to explore the range and validity of measurements 
in the AEA. A 20 base pair piece of DNA, pd(A)20 •pd(T)20, was chosen for these reasons: 
1) DNA is an important biological molecule, 2) a 20 base pair oligonucleotide is a stable
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4molecule that is easily detectable and 3) 20 base pair DNA has been characterized extensively 
by other techniques and has been used in a number of theoretical calculations (12,44,45, 50, 
62).
Structure and Solution Behavior of Dd(A)rr«Dd(D,«
NMR and x-ray diffraction studies of polyA-polyT oligonucleotides show them to 
have conformations in the B-DNA family (1). The minor groove is distinctly narrow and the 
base pair per turn is approximately 10.1. The length of a similar 20 base pair oligonucleotide 
was measured at 6.88 nm (12) by light scattering. Investigation into the hydration pattern of 
oligonucleotides showed there to be two classes of associated water. The first class directly 
contacts the DNA at a density of 10-12 waters per nucleotide and is partially manifested as 
a “spine of hydration” in the minor groove (30). The second class, 8-9 waters per nucleotide, 
is H-bonded to site bound class 1 molecules. Hydration of the bases and phosphate backbone 
adds an additional 0.6 to 0.8 nm to the 2.0 nm diameter of the oligonucleotide (62).
The solution behavior of oligonucleotides influences electrophoretic migration. 
Oligonucleotides of identical composition but different sequences have been shown to have 
different electrophoretic mobilities in agarose gels (63). Bending in the DNA, base pair 
openings, and end fraying can have significant effects on migration and hamper the modeling 
of a 20 base pair DNA as a rigid rod. The duplex helices of polyA-polyT oligonucleotides 
show considerable curvature at lengths exceeding 60 base pairs, but can be considered linear 
at 20 (1,4). NMR investigation into the bonding of internal tracts of AT base pairs show the 
bonding across the axis to have lifetimes of between 3 and 6 milliseconds, with lifetimes being 
independent of neighboring sequences (30, 34,48). The external two A-T base pairs at each
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
end of the oligonucleotide are known to fray (29). Lifetimes of these base pairs are less than 
one millisecond. The effect that base-pair opening and end-pair fraying have on 
electrophoretic mobilities is hard to predict. The millisecond time scales suggest that their 
contribution will appear as a homogeneous average value in the measured properties.
The rotational (Dr) and translational (D 0) diffusion coefficients of a 20 base pair 
oligonucleotide have been obtained from light scattering experiments (12). The 
oligonucleotide was shown have a Dr of 10.3 x 106 s'1. The energy randomizing the rotational 
position of the DNA far exceeds the electrical potentials available in the AEA to align the 
DNA with the electric field (59). The D0 of the 20 base pair DNA (extrapolated to zero DNA 
concentration in 50 mM phosphate, 100 mM NaCl, 2 mM EDTA at pH 7.0 and corrected to 
20 °C) was measured at 11 Fick (F or 10'7 cm2/s)and can be compared to the AEA derived 
diffusion coefficient of pd(A)20«pd(T)20 and to theoretical predictions.
Theoretical Estimates of the Hydrodynamic Properties of pd(A)20«pd(T):;0
The hydrodynamic frictional coefficient, f0, of pd(A)20 •pd(T)20 can be estimated by 
modeling the DNA as either a prolate ellipsoid or a string of touching beads.
To a good approximation (13), an oligonucleotide of length Ld and diameter d can be 
approximated as a prolate ellipsoid of major axis a = L /2 . For the ellipsoid to have the same 
volume as a cylinder the size of the DNA, Vd, the axial ratio a/b of the ellipsoid must be
(1)
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6The frictional coefficient of an ellipsoid of revolution was calculated by Perrin in 1936. In 









R = f -l  16
where R is the Stokes radius and r\ is the viscosity of the solution.
The second method for determining the frictional coefficient uses the Kirkwood and 
Riseman model (13) of "touching beads”. Here the DNA, of length Ld, is modeled as a string 
of M numbered touching beads, each of diameter 6. The length of the string, L ,^ is M-6. If 
the total volume of the beads, Vb equals Vd then the frictional coefficient is calculated as













M easily follows from the length of the DNA and equation 5 can be solved for the frictional 
coefficient of the DNA
A third method for obtaining a hydrodynamic coefficients for the oligonucleotide takes 
into account end effects. Tirado and de la Torre (62) carried out numerical evaluation based 
on rigorous application of the Kirkwood-Riseraan theory with extrapolation to the shell model 
limit. They obtained the diffusion coefficient for oligonucleotides by solving;
(8) D0 =
' _ k j
37CtioL!
In(i)
where q0 is the solvent viscosity, k b is Boltzmann’s constant, T is temperature in degrees 
Kelvin and P is the end effect correction which is solved by a polynomial approximation to
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8their numerical results 
(9) P =0.312 + 0 . 5 6 5 ^ - 0 . 1 0 ( ) | 2
Under 100 mM salt conditions, the theoretical D0 of Tirado and de la Torre is 10.9 Fick.
Theoretical Estimates of the Charge on pdCAl-'^pdfD-,^
The AEA determined value for the apparent charge of pd(A)2Q«pd(T)20, Q ^ , (see 
THEORY) can be compared to theoretical prediction in a manner that investigates both the 
apparatus and the soundness of the predictions. Two approaches to charge prediction of 
oligonucleotides are the semi-empirical counterion condensation theory with its counterion 
association parameter ¥  and grand canonical Monte Carlo (GCMC) simulations with its 
preferential interaction parameter T (see THEORY). Both theories predict little or no 
dependency of the apparent charge on ionic strength, cation type, or base sequence. For a 
20 base pair oligonucleotide, the Q^, based on values for ¥  (taking end effects into account) 
is 7.4 e (eis the charge on an electron) while GCMC predicts a significantly higher value of 
17 e.
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9OBJECTIVES
Purpose of the Project 
Developing the AEA as a viable biophysical tool is accomplished by investigating the 
effects that the ionic characteristics of the solution have on the measured charge properties 
of pdfA^'pdCDa,, and by defining the conditions under which the AEA measurements reflect 
properties of the macroion and not properties of the method or the apparatus. Each of the 
four types of measurements has been made on pd(A)20, pd(T)20 and the results analyzed to 
determine precision and compared to theoretical estimates. These investigations can be 
summarized in three objectives: 1) determine the contributions to the observed concentration 
distribution that are a consequence of the apparatus or the process of electrophoresis, 2) 
determine the effects of different monovalent cations on the electrophoretic properties of 
pd(A)20*pd(T)20, and 3) determine the effects of varying the concentration of KCl on the 
electrophoretic properties of pd(A)20*pd(T)20.
Determine the Contributions to the Observed Concentration Distribution That are a 
Consequence of the Apparatus or the Process of Electrophoresis
Results presented below reveal behavior that is in contrast to simple theory (see 
THEORY). In particular, the charge properties determined from SSE differ significantly from 
those determined by mobility experiments. Individually, each procedure appears to be 
consistent, but they yield apparent charge estimates that differ by two to three fold. An 
additional inconsistency with theory is the increase in the apparent De with increasing E field.
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Currently there is no theoretical basis for this behavior. In order to interpret the results from 
the AEA properly, it is essential to characterize the extent to which these observations are 
influenced by processes and properties not associated with the macroion. Optical problems 
and flows other than those due to the E field or diffusion are two main areas of concern.
A fundamental assumption made in the operation of the AEA, and in all theoretical 
descriptions, is that flow through the cuvette is laminar and not turbulent. Fluid flowing 
through a channel is subject to viscous shear. Confirming that the flow through the AEA 
should be laminar is the initial step in addressing influences on the concentration distribution.
In fluid dynamics (16, 41), the Reynolds number, Re, is the ratio of inertia to the 
viscous forces acting on the fluid and is a good indication of the transition (increasing Re) 
from laminar to turbulent flow:
Re = - m h
v Dm
do) ”  _n
p
with
where vm is the mean velocity through the cuvette, p is the solvent density, r| is the solvent 
viscosity, and Dh is the hydraulic diameter opening of the cuvette with width w and length L. 
Using the maximum velocity through the 0.2 cm x 0.2 cm opening of the AEA cuvette for vm 
(twice that of the chloride ion at the maximum E field used), the Re is is less than 0.1.  This
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is well below the Re of 10 which is generally considered to be the upper range of laminar flow 
(41).
Even with the flow through the cell being laminar, there are potential problems in 
accurately detecting the concentration of the migrating macroion in a cross-sectional area of 
the cuvette (Figure 1). If the mobility of the macroion is different at the walls of the cuvette 
than at the center, a non-laminar concentration distribution will occur. This could affect the 
absorbance profile and detrimentally influence analysis. A non-uniform E field and 
electroosmotic flow are processes capable of altering the mobility of the macroion at the 
cuvette wall
In the AEA, the applied electric field must go from a finite value inside the cuvette to 
a value of zero at the cuvette wall (no current is carried at the wall). The expectation is that 
this transition occurs on atomic dimensions which amounts to significantly less than 0. 1% of 
the distance across the cuvette. If, however, the transition encompasses a much larger 
distance then the absorbance profile may be distorted (Figure 1). A potential outcome of a 
large non-uniform E field would be an apparent increase in the spreading of the 
electrophoretic boundary, which could lead to an E field dependence for De (see THEORY). 
It is also possible that non-laminar mobility would lead to convection and the disruption of 
the concentration distribution of the macroion. The extent of the influence of a non-uniform 
E field on the concentration distribution is difficult to measure and is currently unanswered. 
Altering the dimensions of the cuvette could indicate the significance of the non-uniform E 
field since the fractional amount will decrease with increasing optical pathlength.
Electrophoretic migration of charged molecules past stationary charged surfaces, or
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Figure 1. Potential concentration profile of a moving 
boundary if the environment at the cuvette wall promotes 
either acceleration (— -— )or retardation (— °— ) of a particle's 
migration compared to that in the bulk solution
BOUNDARY MIGRATION
CUVETTE WALLS














electroosmosis, can result in non-laminar flow and, consequently, the distortion of the 
macroion concentration distribution in the AEA. The quartz cuvette and the dialysis 
membranes employed in the AEA contain slight negative charges which will result in an 
unequal distribution of charge in the adjacent fluid. Electroosmosis has the property of being 
field dependent Measurements that exhibit an unexpected field dependence may reflect the 
consequences to electroosmosis. Thus, the extent of disruption to laminar flow due of 
electroosmosis is most likely to be observed in velocity measurements, steady state 
concentration distributions, and electric field dependence of the diffusion coefficient.
The regenerated cellulose membranes used in the AEA contain slight negative charges. 
Attraction or repulsion of elements of the solution can potentially alter the normal flow 
through the cuvette. By varying the pore size, and therefore, the amount of membrane (See 
MATERIALS and METHODS), the extent of membrane perturbation can be investigated.
Row from sources other than electrophoresis or diffusion can disrupt laminar flow and 
can introduce an additional velocity term unaccounted for in theory. Extraneous flows, or 
bulk fluid flow, can be either electric field dependent or independent. Electric field dependent 
bulk fluid flows can come from the electrophoretic migration of hydrated ions or from the 
osmotic pressure differences at the two membranes. A zero-field bulk fluid flow can come 
from hydrostatic pressure differences across the cuvette.
A difference in the number of water molecules in the hydration spheres of the cation 
and anion of the solvent can lead to bulk fluid flow. If the sum of the flows of the current 
carrying hydrated ions is not zero (Le. one ion type carries more water with it), then there will 
be a net flow of material Similar to the investigation into electroosmosis, the influence of this
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bulk fluid flow on the AEA-determined charge properties is most likely to be observed in the 
electric field dependency of macroion mobility, SSE gradients and diffusion profiles. Direct 
comparison of these measurements in two different salt conditions which should have 
alternate directions of bulk fluid flow should indicate the severity and electric field 
dependency of this phenomena. Using chloride salts of either larger [Li+] or smaller 
[(CH3)4N+] cation hydration spheres (compared to chloride’s) should produce bulk fluid flows 
in opposite directions.
The asymmetric distribution of macroions in the AEA raises the concern of an induced 
osmotic flow  capable of altering the concentration distribution of the macroion in ways 
unaccounted for by present theory. If osmotic flow is a significant concern, then situations 
leading to a build-up of raacroions at the bottom of the cuvette membranes and a depletion 
at the top might lead to a flow which impedes electrophoretic migration. This would result 
in a slowing down of the boundary during an electrophoretic mobility experiment. The 
concentration gradients established in SSE and diffusion experiments might also be sensitive 
to osmotic flow.
The AEA is designed to match the flow of buffer through the top and bottom buffer 
chambers so as to balance the hydrostatic pressure. Exact matches are not always possible. 
Simulated data suggest that flows as little as a 75 nanoliter per hour can influence SSE 
gradients (Thomas Moody, Thomas Laue personal communication). The potential influence 
of hydrostatic pressure differences are investigated by comparing experimental data taken 
under a variety of mismatched flow rates.
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Determine the Effects of Different Monovalent Cations on the Electrophoretic Properties of 
pdCA)2oip<j{D.2o
Different monovalent cations have different affinities for DNA, different size hydration 
spheres, and different electrophoretic mobilities. Varying the monovalent cation of an XC1 
salt, while holding the ionic strength constant, allows the investigation of the effects of these 
ion properties on the electrophoresis of DNA. Accordingly, the four measurements available 
with the AEA have been made on the pd(A)20«pd(T)20 in four different chloride salts, L i+, 
Na+, K \ and at 100 mM. The data can be compared to theoretical predictions and
previous studies.
The Poisson-Boltzmann description of the ionic atmosphere around a charged 
macroion has a slight cation size dependency (see THEORY). The ability of the counterion 
to shield the macroion from experiencing an electric field in a solution containing either Na+, 
K+ or L i+ (which have similar radii compared to the macroion’s), would be similar. The 
expectation from the Manning counterion condensation theory (see THEORY) is for p to be 
nearly independent of the type of cation. Modifications and improvements on these theories 
generally predict electrophoretic migration to have little cation size dependency.
Ross and Scruggs performed a series of mobility experiments on longer DNA in the 
early 1960's (52,53). They found reduction of the DNA’s mobility to be consistent with the 
order of interaction for univalent alkali metal ions to phosphate groups, Li+ > Na+ >K+, > 
(CH3)4N+ (53). They also found ionic strength dependencies for mobilities that were unique 
for each cation investigated. It was clear from these studies that theoretical prediction could 
not completely account for experimental observation.
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The effects of cation type on the measured diffusion coefficient are expected to arise 
from a change in the hydrodynamic properties of the DNA. Changes can result from 
differences in the total volume of the DNA (and the element of solution it carries) due to 
differences in radius, hydration number and affinities of the cations for DNA. Alternatively, 
cation induced conformational changes in the DNA, especially if they promote bending or 
base pair dissociation, can affect the intrinsic frictional coefficient of the species. The volume 
changes in the DNA predicted with different cations are not expected to lead to substantial 
differences in D0 but cation-induced conformational changes have the potential to alter D 0 
significantly.
Determine the Effects of Varying the Concentration of KC1 on the Electrophoretic Properties 
of pd(A)?^ »pd(D,n
Theory predicts (8, 10, 27, 19, 20,) that the salt concentration directly affects the 
number density, and therefore, the shielding capacity of counter-ions around the 
pd(A)20»pd(T)20. AEA investigation of pd(A) 20 «pd(T) M in 20 mM Tris buffers of varying 
KC1 concentrations (20, 60, 80 and 100 mM) provides data on the relationship between salt 
concentration and counter-ion shielding.
The distribution of counterions around DNA is a function of the high electrostatic 
potential of the DNA and the bulk solvent concentration of the counterions. The 
Debye-Huckel approximate solution to the Poisson-Boltzmann equation predicts that the 
shielding of the charge on a macroion will follow a square root dependence with ionic 
strength (see THEORY). To the degree that this shielding is a valid representation of the
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solution behavior of DNA, the measured apparent charge and the electrophoretic mobility 
might be expected to increase with decreasing ionic strength in a square root dependence. 
Manning’s counterion condensation (MCC) theory predicts a 76% drop in the electrostatic 
potential of the DNA due to condensation (see THEORY). The remaining 24% presumably 
can participate in Debye-Huckel shielding. Minor increases in and p with decreasing 
ionic strength are predicted with MCC.
The change in the diffusion coefficient of pd(A)20 •pd(T)20 with decreasing ionic 
strength should not be significant. No structural or hydrodynamic changes to the DNA are 
expected in the range of salt concentrations used in these experiments. However, the 
charge-dependent thermodynamic nonideality will increase roughly as the inverse of the salt 
molality (3, 31) leading to a predicted increase in D with decreasing salt concentration.
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THEORY
Reduction of Charge
When considering the electrophoretic properties of macroions, factors such as the 
formal charge, ion shielding, ion binding, and the hydrodynamic properties o f the macroion 
must be taken into account. The starting point in electrostatic analysis is the formal charge. 
Simply put, the formal charge is the excess or deficiency of electrons as compared to the 
number of protons in a molecule. In biochemistry this is most often accomplished by the gain 
or loss of hydrogen ions. The formal charge can be estimated from the composition of the 
raacroion along with the known acid-base titration behavior of the components of the 
molecule (under the pH and ionic strength conditions of the solution). Above pH 5, a 
phosphate group in the backbone of nucleic acids readily gives up a hydrogen ion and adopts 
a negative charge. For double stranded DNA in millimolar salt at pH 8 the formal charge is 
estimated to be equal to the total number of phosphates.
The electrostatic potential produced by a highly charged macroion such as DNA 
results in the attraction of counter-ions and the repulsion of co-ions. “The free energy of 
interaction between a central ion and its surrounding counterions or ion atmosphere is 
responsible for the deviation from ideality of the dilute solutions of electrolyte.”1 
Fundamental work by Gouy (19,20) and Chapman (8) led to the development o f the concept
‘Eisenberg, D., Crothers, D., (1979) Physical Chemistry with Applications to the Life 
Sciences, page 354
18
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of a double layer based on the Poisson-Boltzmann (PB) equation. These theories address the 
relationship between a charged species and an electrolyte solution. The resultant decrease of 
the electrostatic potential (screened Coulomb potential) of the DNA due to the presence of 
counterions is an important consideration in the interpretation of electrophoretic migration. 
Ionic Shielding
The Debye-HUckel theory (10, 13) is a linear approximation of the PB equation in 
which the distribution of counterions depends upon the macroion’s potential and the 
solution’s ionic strength. One parameter that characterizes the distribution of counterions 
around a macroion is the Debye length, k' \  which is the most probable distance from the 
macroion to find a counterion, or equivalently, it is the radius of a sphere, centered on the 
macroion, in which the greatest density of counterion charge exists. The inverse of the Debye 
length is:
where e is the dielectric constant of the bulk solution, N, is Avogadro’s number, and I is the 
ionic strength of the solution (mol/L).
The Debye length can be used to describe the distance dependence (r) of the 








where ^  is the potential of the isolated macroion, Z is its formal charge, and a is the center 
to center distance of closest approach between the macroion and the counterion, and exp "  
is the screening factor.
An effective charge, Qeff, can be predicted due to the lower electrostatic potential,
This charge can be pictured as residing at the center of a non-conducting sphere of radius a. 
If the electrical double layer were to fall at this same radius, then the electrostatic driving 
force would be proportional to Qeff.
The greater the ionic strength of the solution, the larger k becomes, and the greater 
the shielding of the macroion potential. The importance of the counterion distribution in AEA 
measurements lies in the ability of the counter-ions to shield the macroion from experiencing 
an applied electric field, and the degree to which the ion cloud can be considered as a part of 
the migrating macroion.
Counterion-Condensation
The high electrostatic potential of DNA is theorized to generate counterion binding, 
or condensation, as a means of reducing the energetically unfavorable high potential (37, 50, 
58). A counterion condensed on the DNA neutralizes an amount of negative charge equal
(15)
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to its valence. The formal charge of the DNA will be reduced as follows;
(16) ZM + nZl-Z net
where Z^  is the formal charge of the DNA n is the number of counterions of valence Zx 
bound, and Z^, is the net or effective valence of the DNA
The Manning counterion condensation theory (MCC) is an interpretation of the PB
of counterions (35-38). In particular, Manning contends that counterions condense on the 
surface of a linear polyion (thereby neutralizing charge) to a degree that is dependent on the 
distance separating the individual charges of the macroion, but in a fashion that is independent 
of the solvent ionic strength (except at very low salt concentrations). It should be noted that 
for the monovalent cations such as Na+ and K+ condensation refers to the cations as being 
“localized” to the surface of the DNA That is, these cations do not behave like site bound 
ions, but are territorially bound and capable of migrating along the surface of the DNA 
MCC describes the fraction (f) of the macromolecular charge compensated by ion 
condensation as
where b is the distance between charges on the polyion. For pd(A)20»pd(T)20, where b is 0.17 
nm, /  is equal to 0.76. Therefore, only 24% of the formal charge of 40 e is unneutralized. 
It is theorized that the remaining charge participates in the development of a Debye-HUckel
equation in which the high electrostatic potential of a linear polyion dictates the local behavior
(17)
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counter-ion cloud. The MCC predicts that the apparent charge and hence the electrophoretic 
mobility will be lower than those predicted by the Debye-Huckel theory alone.
As with the DH counterion cloud, the effect of condensed ions on electrophoretic 
behavior is complicated. It is reasonable to expect the effect on the charge of the macroion 
from territorially bound counterions to be straight forward and identical to site bound 
counterions. However, the very high counterion concentration makes it difficult to predict 
the true extent of the electric field in the immediate vicinity of the macroion.
Theoretical Predictions of the Apparent Charge of 20 Base Pair DNA
Building on advances in the interpretation of the Poisson-Boltzmann equation and 
counterion condensation theory, estimates of the charge of an oligonucleotide in solution have 
been made. Record and Lohman (49) combine the polyelectrolyte theories of MCC and DH 
to generate an empirical counterion association parameter, 7 ,  which can be used to find a 
predicted charge ( Q ^ ) ;
(18) Qpred = N n - ,P]
where N is the total number of phosphates (nucleotides). For double stranded DNA (N>100) 
in a helical conformation ,TPheBx = 0.88. This means that long double stranded DNA will 
expose only 12% of its formal charge. This is consistent with a 1.2 M concentration of 
condensed counterions around the DNA (37). However, for N <100, the electrostatic 
potential near the end of DNA is less than that found in the central portion of the DNA and 
must be taken into account (44). Consequently, counterion condensation and Debye-Huckel 
shielding are reduced. Addressing this concern. Record and Lohman propose that for helical
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oligonucleotides (N<100) Y,lcfix is reduced by an empirical factor:
(19) 1 ^ = 0 .8 8
For N = 40, T hcBx is equal to 0.82 which yields a of 7.4 e.
Grand canonical Monte Carlo simulations have been carried out to demonstrate the 
importance of end effects and to refine predictions of the apparent charge (45). Simulations 
sought to predict the preferential interaction parameter T  which encompasses all effects that 
cause the electrolyte concentration in a compartment containing the oligonucleotide to differ 
from a compartment absent of the macroion. The value of the preferential interaction 
coefficient for an oligonucleotide of N phosphates, TN, is simulated by reducing the 
preferential interaction coefficient predicted for an infinite length oligonucleotide, T .;
(20)
where G is an empirical adjustment parameter dependent on N. A can be obtained from 
r N and equation 18 using the following relationship with Y;
(21) YrH=1+2rN
For N = 40, -r N is equal to 0.300 which yields a Q p ,^  of 17.0 e. At this time there is no 
explanation for the discrepancy between these two ways of calculating Q ^ .
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Electrophoretic Mobility 
Presented here is a simplified theory of electrophoresis. A more detailed analysis is in 
Appendix 1.
Charged particles migrate under the force (F,) of an electric field (E),
( 2 2 )  F l = QappE
with Qapp being the charge of a particle capable of experiencing the electric field. The 
migrating particle experiences a retarding force or frictional force (F2) which is proportional 
to the velocity, v, of the particle
(23) F2= ~vfe
where fe is the frictional coefficient in an electric field. The fe encompasses the translational 
frictional coefficient and other retardation effects (Appendix 1).
In an electrophoretic mobility study, the forces on the migrating macroion are balanced 
so that a constant-velocity boundary is observed
(24) F ,+F2 = 0 
therefore
(25) QappE  = v f e
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The velocity of the macroion divided by the applied electric field is defined as the 
electrophoretic mobility, thus
It is important to note that both p and encompass the uncertainties outlined above for 
the DH and MCC.
A Pgscription-Q.f-Steady-State Electrophoresis
SSE is a unique capacity of the AEA in which the charge properties of the macroion are 
extracted from the steady-state concentration gradient created when all fluxes (e.g. those due 
to electrophoresis, diffusion and bulk flow) are balanced. Simple theory (17, 33, 47) claims 
that steady-state occurs when the flux of the macroion due to electrophoresis, Je is equal to 
the flux due to diffusion JD;
where c is the concentration of the macroion, x is the position along the cuvette, and De is the 
diffusion coefficient in the presence of an electric field.
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(29)
cQ E Hr 
__*£E = D —
f edx




Q E 0 = _2EE— 
f Dewe
where c0 is the concentration at reference position x0 and a describes the steepness of the 
exponential In practice, both o and c0 are determined as fitted parameters in equation 30. 
The SSE data can be viewed as the ratio of experimentally determined values.
o Qjpp(32> rsXe e
The apparent charge, Q,pP, can be determined from equation 32 using the measured 
experimental parameters, known constants, and assuming the Einstein-Stokes relationship for 
the diffusion coefficient (D e f e = k b T) holds (14) in an electric field in the presence of salt 
ions and buffer, and using a definition for the electric field (E = I/xA),
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ok-A T*
(33) Q app= - I
where I is the current in amps, at is the specific conductivity of the solution in seimens/cm2, 
and A is the cross sectional area of the cuvette in cm2.
A predicted mobility, pp, can be obtained from the combination of SSE data and a 
diffusion constant,
D Q
e  -  a flP
(34) ^P = a — =
E fe
The effects of a net bulk fluid flow through the cuvette on the velocity of the macroion 
can be estimated by the addition of a velocity term to the relationship described in equation 
26;
(35) v=pE + vo
where v0 is the zero-field velocity of the macroion due to the bulk fluid flow. Consistent with 
experimental observation and simulated data, the expected magnitude of v0 is small compared 
to overall velocity in all but the lowest fields used in SSE. The effects o f va on the true a, or 
a,, can be estimated;
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where oa is the expected o in the presence of a bulk fluid assuming a , is field independent. 









Diffusion in the Absence of an Electric Field
Concentration gradients are formed during SSE and electrophoretic mobility 
experiments. Dissipation of these gradients is dependent on the hydrodynamic properties of 
the species forming the gradient. The diffusion and, therefore, the friction coefficient can be 
ascertained by monitoring the collapse of a concentration gradient either in the presence or 
the absence of an electric field.
Transport theory (64) states that an effective force arising from a concentration gradient 
can be calculated by differentiating the chemical potential with respect to the distance x 
(assuming u° does not rely on distance x and the E field = 0)
(38) u = u°+RTlnc
with
(39)
_ du m .d ln cForce  ------   -R T ------
dx dx
In the AEA, the diffusion coefficient in the absence of an electric field, D„, of a particle
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can be obtained from monitoring the relaxation of a gradient (Figure 27 in RESULTS) and
time-dependent difference in concentrations at conjugate positions (e.g. x,L and xJL in which 
L is the path length of the cuvette and x, + x2 = 1) are measured. It can be shown (56) from 
a separation of variables and using a Fourier series expansion in x that, for times t such that
where Ac = c# - cxl, and B is a constant relating to the initial conditions (DNA concentration, 
c0, and initial a). Using just this first order term of the expansion, along with the 1/3 and 2/3 
conjugate positions, yields good approximate solutions for D0 at sufficiently large times (56).
An independent method for determining the diffusion coefficient D0 employs analytical 
ultracentrifugation (64). Sedimentation velocity experiments yield the sedimentation 
coefficient s \  which can be used to calculate the hydrodynamic frictional coefficient, f  0, from 
the relationship:
where M is the molecular weight of the macroion, v is its partial specific volume, p is the 
solvent density, and N, is Avogadro’s number.
The hydrodynamic diffusion coefficient, D0, is determined f ro m/  assuming the
employing a variation of the method described by Hamed and French (23) in which the
7t2D0t/L2 >1:
(40)




khTD = —  
fo
Diffiision Coefficient in the Presence of an Electric Field
The mathematical model (56) for determining the diffusion coefficient in the presence of 
an electric field is based on monitoring the spreading of the boundary during mobility 
measurements. Similar to the SSE derivation (Equation 27), development of the model begins 
by considering the fluxes of the macroion in electric field.
(43) t r'x dCJ = - D — +cv dx
Using equations 28 and 29, the flux of the macroion can be written,
(44) j  = - d  + c = - d  + c Epdx fe dx
The change in the concentration of the macroion with time is the derivative of the flux with 
respect to time,
(45) f - f h
' * 1
, 8 x 2;
- p E r dc]
kaxJ
The solution for equation 45 can be approximated for an infinite cell (56). Under these
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conditions, the moving boundary in an electrophoretic mobility experiment is an error 
function. The peak generated when successive scans are subtracted can be fitted to a 
modified Gaussian,
-Cx-nEO~




( 1 6 * 0 ^
where W is the width at 1/exp of the peak. The width of the peaks are determined 
concomitantly with velocity determination in mobility experiments. De is experimentally 
determined by fitting a line to the graph of W*/4 as a function of t. The error in De 
determination due to the assumptions in the approximate solution have been shown using 
simulated data to be less than 10% (Tim Wilson personal communication). Experimentally 
however, any spreading of the moving boundary will be assimilated into De.
Molecular Weight Determination and Charge Estimate from Sedimentation Equilibrium 
In a sedimentation equilibrium experiment, the molecular weight of a non-associating 
species can be determined by fitting to an exponential gradient (24, 28, 42). Under 
thermodynamically ideal conditions the fitting equation is
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(48)
where c0 is the concentration at r0, M is the molecular weight, co is the angular velocity and 
R is the gas constant.
Solutions of nucleic acids are highly non-ideal due to the large charge-charge repulsion 
between macroions. Equation 48 can be expanded to include the nonideality of charge-charge 
interactions by means of the second virial coefficient, B:
An estimated Q can be obtained from B (assuming excluded volume and salt-DNA 
contributions to B are small compared to the charge-charge repulsion effects) from
where M is the anhydrous molecular weight of the DNA, m3 is the molality of the salt, and 
v, is the solvent specific volume (60).
(49)
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MATERIALS and METHODS
Physical Description of the Apparatus.
A schematic design of an AEA cell can be found in Appendix 2. Briefly described, the 
objective of the device is to create and monitor the concentration distribution of a macroion 
in a sealed analysis chamber. The analysis chamber is a (0.2 cm)3 fused silica cuvette bounded 
on the top and bottom by dialysis tubing which is sealed by O-rings over the openings to the 
buffer chambers. Each chamber is filled from a reservoir and drains into an outer chamber 
containing the electrode. An electric field is generated by passing a current between the two 
electrodes. A peristaltic pump continuously flows solvent (20-40 ml/hr) through the buffer 
chambers and past the membranes to flush out electrolysis products and to minimize ion 
gradients in the cuvette due to electrodialysis.
The entire cell assembly is inserted into a water-jacket for thermal control. The set-up 
is aligned in a collimated light beam to project the transmitted light through the cuvette and 
onto the photo diode array.
The current is supplied by a Keithley 224 programmable current source 
Membranes
The dialysis membranes that form the semipermeable barriers at the top and bottom of 
the cuvette are composed of regenerated cellulose. The membranes are designed to carry no 
fixed charge, but are thought to harbor a slight negative charge due to the oxidation of 
hydroxyl groups. The membrane casting procedure is such that the amount of regenerated
33
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cellulose per unit area decreases with increasing membrane pore size. Three different 
molecular weight cut-off (MWCO) membranes were used these experiments; Spectro/Por 3®, 
3500 MWCO, Spectro/Por® 1 6-8K, and Spectro/Por 4®, 10-14K MWCO membranes. 
Buffers.
All buffer components used in these experiments were reagent grade and purchased from 
Sigma. The pH of each buffer was adjusted to 8.00 ± 0.05 with an Orion Research 811 pH 
meter. The specific conductance of the buffers were determined with a VRW Scientific 1052 
conductivity meter. Buffers were made in 2 or 4 liter batches (corresponding to 2-4 or 4-8 
days worth of experiments)
BdfA)2o«pdfD2o
The single strand oligonucleotides used to produce pd(A)20 •pd(T)20 DNA were 
synthesized and purified by Research Genetics of Huntsville Alabama; pd(A)20 sequence # 
d5041033 and pdCO ,^ sequence #d50410034. The complementary single strands were mixed 
and heated to 65 °C in 200 mM KC1, 20 mM Tris, pH 8.0 and then allowed to anneal upon 
cooling. The double stranded product was verified (by O.D., melting temperature, and 
circular dichroism) in the laboratories of Dr. Jonathan B. Chaires at the University of 
Mississippi Medical Center. Prior to use, the oligonucleotides were stored in BPES in a 
minus 70 freezer.
Experimental Protocol Summary 
Electrophoretic Mobility Determination
Experimentally, the mobility of pd(A)20«pd(T)20 is obtained from the monitoring of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
35
constant-velocity boundary formed by passing an electric field through the analysis chamber 
containing an initially homogenous concentration of DNA. Intensity scans (260 nm) of the 
oligonucleotide migrating to the bottom of the cell (toward the anode) are taken at precise, 
regular intervals (Figure 2a). Depending on the strength of the fields, the intervals varied 
between 10 and 60 seconds.
Subtracting successive timed scans yields Ac/At plots (actually, intensity scans are used) 
in which the peak position represents the center of the boundary (Figure 2b). The position 
of the peak is determined by fitting the data to equation 46 (determined concomitant with De). 
The peak positions are graphed as a function of the time and the slope of the best fit line is 
used to estimate of the velocity of the boundary (Figure 2c). Dividing this velocity by the 
electric field gives p.
Examination of the p ’s at high and low fields is hindered by limitations imposed by the 
2 mm-long cells. At low fields (< 0.3 V/cm) the boundaries are poorly defined due to the low 
velocities of the DNA compared to the rate of diffusion. At high fields (>6.0 V/cm) the 
boundary moves fast enough that Ac/At is not a sufficiently accurate approximation of dc/dt 
in equation 46. Additionally, at high fields the boundary reaches the bottom of the cell so fast 
that an insufficient number of points are obtained to determine a velocity accurately. 
Analytical Ultracentrifugation
Sedimentation coefficients, molecular weights, and second virial coefficients, were 
obtained using a Beckman XLA analytical ultracentrifuge using absorbance optics and a 
4-hole titanium rotor. Sedimentation equilibrium experiments used 6-channel Yphantis cells 
with 12-mm thick Kel-F centerpieces and sapphire windows. Data were collected at 20 °C,
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Figure 1. Procedure for electrophoretic mobility determination in the AEA. A 1.7 V/cm 
experiment with pd(A)20«pd(T)20 in 100 raM KC1,20 mM Tris, pH 8.0,20 °C: (a) 
Transmittance profiles of the migrating boundary taken at ■ 2 min., □ 3.25 min. and o 5 
rain, (b) Subtracted timed scans (Ac/At) at ■ 2 min, □ 3.25 min, and o 5 min.(c) Peak 
positions of the Ac/At graphs as a function of the 15 second intervals (time between 
scans). The slope of the best fit line is an estimation of the velocity of the boundary
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at four or five rotor speeds ranging from 25,000 to 50,000 rpm, at serial dilutions of 1:1, 1:3, 
and 1:9, and with initial concentrations of approximately 50 pg/ml. Equilibrium was verified 
by subtracting successive scans (65). The data were edited using REEDIT and analyzed with 
the nonlinear least square fitting program NONLIN (28). Molecular weights and the second 
virial coefficient were obtained by fitting multiple channels of sedimentation equilibrium data 
obtained at different loading concentrations, radial position, and rotor speeds to equation 48. 
In all data analysis, the partial specific volume used for pd(A)20*pd(T)20 was 0.55 (11). A 
calculated buffer density of 1.0015 g/ml was used.
Sedimentation velocity experiments used double sector cells with charcoal-filled epon 
centerpieces, quartz windows, and absorbance optics. The apparent sedimentation coefficient 
s* was calculated according to Stafford (57). Experiments were carried out at 60,000 rpm 
and 20 °C, with concentrations of 50pg/mL Data were converted to 20 °C in pure water from 
s* using the method described by (21):
( 1 ~ VP)20,WTW
(51) 20.W S 2 0 . b / , _ _
U  P/20,b ^20,W
where q is viscosity, and the subscripts refer to the quantity (e.g. solvent density ) at the 
experimental temperature (20 °C) and buffer condition (either water or buffer) respectively.
Capillary Zonal Electrophoresis 
The homogeneity of the DNA sample was tested with fractionation by charge in an 
Hewlett-Packard HP3D CE and by polymeric sieving in a Bio-Rad Bio-Focus 3000.
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Verification of duplex 20 base pair DNA was accomplished by comparing the elution times 
(based on charge) o f pdCA^pdCT)*, to a triplex oligomer [ pd(A) m ] 2 pd(T) M under 
conditions that cause one poly A strand to fall off. The pd(A)2 oapd(T) 20 elution profile had 
one prominent peak corresponding to the putative duplex peak (a single strand peak was also 
seen) from the [pd(A) M] 2  pd(T) w elution profile. Polymeric sieving of pd(A) afpdCT) M 
requires conditions unfavorable to duplex DNA (low salt concentration and high 
temperatures). The elution profile showed three close peaks. It is speculated that if these 
peaks represent legitimate species that they might represent the fully phosphated 
pd(A)20»pd(T)20 along with 20 base pair DNA that have had one or both terminal phosphates 
removed.
Conversion of Units
The units for Q ^ , as determined by SSE and p, are g cm2/V sec2. To convert these 
units to the charge on an electron the following dimensional analysis is used:
lgcm 2 _ / erg joule f V / e
(52) Vsec2 g e m 2 , 107erg, joule k l.fixlO '^coul.,
se°2 t [ c o u lj
= 6.25xlOlle
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RESULTS
Electrophoretic studies have been carried out in the AEA on the pd(A)2 „ •pd(T)20 over 
a range of electric fields, in 100 mM chloride salts,at various KC1 concentrations, and at 
different oligonucleotide concentrations. All experiments were conducted at 20 °C in a 20 
mM Tris buffer at pH 8.0. These investigations have focused on the extent of counterion 
shielding as measured in an electric field. Additionally, the results of these inquires have been 
used to address the concern that disturbances due to either the apparatus or the method may 
affect the interpretation of the observed concentration distribution of the oligonucleotide.
Electrophoretic Mobility 
Electrophoretic Mobilities as a Function of Cation Type
The electrophoretic mobility of pd fA ^ 'p d fT ^  was determined in four different chloride 
salts (100 mM), LiCl, NaCl, KC1, and (CH3)4NCL Each cation type has a different affinity 
for DNA (53, 37), different size hydration sphere (6, 39), and different electrophoretic 
mobility (6,31) ( see Table 1). These different cation features are theorized to have different 
influences on DNA mobility (52, 53).
Figure 3 shows the electrophoretic mobilities of the oligonucleotide in the four salts as 
a function of electric field. Two main observations can be made. First, there is a cation 
dependency to the magnitude of the p ’s that follows cation affinity for DNA (53). The large 
cation (CH3)4N+, with the lowest DNA affinity, has the highest p. Similarly, L f , with the
40
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TABLE 1
PROPERTIES OF MONOVALENT IONS











K+ 0.133 5.1 94.4 7.62
Na+ 0.102 6.5 109.0 5.19
Li+ 0.060 7.4 125.9 4.01
(CH3)4N+ 0.280 1.8 115.4 4.65
c r 0.181 3.9 93.6 7.91
* From Marcus reference (39), crystal ionic radii. 
b From Marcus reference (39) using Stokes radii
c Converted from Burgess reference (6) of limiting ionic conductivities by dividing by 1 
Faraday (96,490 coulombs/equiv)







3  Figure 3. The electrophoretic mobility of pd(A)2opd(T)20 (95% confidence intervals)


























































highest DNA affinity, has the lowest p. Second, in contrast to simple theory and previous 
experimental observation, the mobilities decrease with decreasing electric fields in a manner 
apparently independent of cation type.
Examining the DNA’s velocity as a function of the electric field can provide insight into 
the solvent’s role at low fields. Figures 4 and 5 show the linear regression fit (95% 
confidence intervals) for the velocity of the pd(A)20«pd(T)20 in the four chloride salts as a 
function of electric filed. It is interesting to note that the zero field intercept of the velocity 
(v„) for each condition, with the possible exception of KC1, is slightly negative. This raises 
the concern that there might be a net solvent flow through the cell that influences the low field 
velocities. Table 2 lists, for pdtA^'pdCOa, in each of the chloride salt conditions, the v0 and 
v/E from the slope of velocity verses electric field (Figures 4 and 5), and the mean, p,^, of 
the individually determined electrophoretic mobilities (Figure 3). Both the v/E’s and the p lve’s 
yield similar values and follow the trend of cation affinity for DNA.
Electrophoretic Mobilities of pdfAU^pdCTU  as a Function of Ionic Strength
Reducing the ionic strength of the solution lessens the concentration of counterions near 
the pd(A)20, pd(T)20 (10). The expectation from the Debye-Huckel interpretation of the ion 
distribution is that a decrease in the density of counterion proximal to the DNA will reduce 
the extent of shielding from the electric field. MCC theory predicts a very small ionic strength 
dependence with the salt concentrations used in these experiments. Figure 6 compares the 
p of pd(A)20«pd(T)20 in KC1 salts of decreasing ionic strength. The increase in p ’s seen with 
decreasing ionic strength is consistent with reduced shielding. As seen earlier, the trend of 
decreasing mobility with decreasing electric field is observed in these salt concentration

























figure 4. The p. of pd( A)^  -pd(T) as determined by the slope of velocity 
versus E field (95% confidence intervals): (a) In 100 mM KG, 20 mM Tris, 
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Figure 5. The of pd(A)20-pd(T)20 as determined by the slope of velocity
versus E field (95% confidence intervals): (a) In 100 mM LiCl, 20 mM Tris, 
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TABLE 2
ELECTROPHORETIC MOBILITY OF pd(A)20»pd(T)20 
IN DIFFERENT CHLORIDE SALTS
1 Salt 
Conditions bvc( cm/s x 10'5)
v/E
(cm2/V s x 104)
C P*ve










































*20 mM Tris, pH 8.0,20°C 
b Zero field velocity
c Mean average of individually determined p ’s 
d Predicted charge from Qw  = (plve- k„ • T/D) with D = 11 F 
e Confidence interval are at 95%












Figure 6. The electrophoretic mobility of pd(A) -pd(TI (95% confidence intervals)20 20
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experiments. This particularly pronounced in the 20 mM data. There is no expectation for 
a phenomenon of this type.
Expressing the mobility data as velocity verses electric Gelds (Figures 7 and 8) yield 
mobilities (v/E) consistent with the pive’s from the data in Ggure 6. The v 0 ’s appear to be 
slightly negative (Table 3) indicating a possible net solvent flow. A p0, the mobility in 
absence of free counterions, can be estimated by extrapolating the plot of p ave verses the 
square root of the ionic strength (Debye-Hiickel predicts ionic shielding to have this 
relationship) to zero ionic strength (Figure 9). This yields a plve of 3.72 x 10"4 cm2/Vsec and, 
if a diffusion coefficient of 11.0 F is used, is calculated (Equation 26) to be 9.9 e
Steadv-State Electrophoresis 
Effects of Varying Cation Type on_SSE Measured Charge Properties.
Figure 10 shows the experimentally determined Q^, of pd(A)20*pd(T)20 (150-350 pg/ml) 
in the four chloride salts conditions as a function of electric field. The individually determined 
Qj^ p range from approximately 3 e to 6 e. The mid-range electric fields (0.05 to 0.19 V/cm) 
generate consistent o ’s and Qapp’s. There appears, however, to be an electric field 
dependency to the measured Q^, at the lowest fields (< 0.05 V/cm), with the QapP at the low 
fields generally lower than the midrange electric field values.
The estimate of o at low fields must be viewed with some caution since the data are 
nearly linear and, therefore, difficult to fit properly with the exponential function (Equation 
30). A far better procedure for dealing with near linear gradients is to combine individual 
SSE data sets taken at different electric fields (for a given buffer condition) into a single
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 7. The of pd(A)2Q-pd(T)2o as determined by the slope of velocity
versus E field (95% confidence intervals): (a) In 100 mM KC1,20 mM Tris, 
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Figure 8. The of pd(A)20-pdCT),0 as determined by the slope of velocity
versus E field (95% confidence intervals): (a) In 60 mM KC1,20 mM Tris, 
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TABLE 3
ELECTROPHORETIC MOBILITY OF pd(A)M*pd(T)M 
IN DIFFERENT KC1 CONCENTRATIONS
•Salt
Conditions bv0( cm/s x 10‘5)
v/E
(cra2/V s x 104)
C Five
(cm2/V s x 104)
d Qw  (e)
100 mM KC1 -1.93 































*20 mM Tris, pH 8.0,20°C 
b Zero field velocity
c Mean average of individually determined p ’s 
d Predicted charge from Qw  = (piave * Iq, • T/D) with D = 11 F 
e Confidence interval are at 95%
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Figure 
9. The p 
of pdfA^-pdfD^


















Figure 10. SSE determined (95% confidence intervals) of pd(A)2(>-pd(T)2o as a function of E field in 
100 mM XCL, 20 mM Tris, pH 8.0,20 <€:—■—KCL, • • NaCl,—• —LiO,- -o- -(CH ) NQ
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global fit Q,pp (Table 4). This is analogous to the multi-channel, multi-speed global fit of 
short column sedimentation equilibrium data required to generate a more accurate description 
of the equilibrium gradient. Figure 11 shows a sample (100 mM LiCl) global fit of steady 
state gradients over an 8.5 fold range in electric field. Note that the lowest field curves, 
which have minimal curvature and individually give low Q ^ ’s, fit adequately to the higher 
a. This could represent curve fitting limitations that allow shallow gradients to “comfortably” 
fit a range of a ’s or the domination of the fitting algorithm by the larger high field o ’s over 
the low field data. With the exception of (CH3)4NC1, each of the salt conditions was fit 
adequately to a single global o.
The suspect behavior of low field a ’s can best be seen in the plot of a  versus electric field 
(figure 12). The prediction is that a is linear with E field. Comparing the rise in o with 
increasing electric field indicates the range over which or a/E are consistent. Over the 
middle and high field range, a is linear with E field [with the exception of (CH3)4NC1 at high 
fields]. However, the o’s at the lowest field do not follow this line but level off instead. This 
could either be the result of curve fitting limitations or due to unaccounted influences (e.g. 
bulk fluid flow) on the concentration distribution. An averaged o/E, oiVe/E, can be determined 
for each buffer condition by linear regression over the constant range a ’s (Figure 13, Table
4). The o/E’s can be converted to a 'Q ^ ’ s (making the assumption that De fe = kb T) to 
compare the different procedures for obtaining Qrrr (Table 4).
The Qap/40e determined from the global fit and the average a/E indicate that only 1/10 
to 1/7 of the formal charge is capable of experiencing the electric field under these 
experimental conditions (Table 4).
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TABLE 4
SSE DETERMINED CHARGE PROPERTIES OF pcKAVpdCDjo IN DIFFERENT
CHLORIDE SALTS
* 100 raM 
chloride salts






















































* 20 mM Tris, pH 8.0, 20 °C 
b 95% confidence interval
0 Determined from the slope of a vs E at 95% confidence intervals 
d Based on arJ E
'  Predicted electrophoretic mobility from SSE data with D = 1 IF












Egure 11. Global fit analysis of the SSE gradients of pd(A)2Q-pd(T)20 
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Figure 12. SSE determined o for pd(A) -pd(T) (95% confidence intervals) as a function of E field
in 100 mM XC1,20 mM Tris, pH 8.0,20°C:
























































Figure 13. SSE determined o for pd(A)20 •pd(T)20 as a function of E field in 20 mM Tris, pH
8.0,20 °C, and in (a) 100 mM KC1, (b) 100 mM NaCl, ( c ) 100 mM LiCl, and (d) 100 mM 
(CH3)4NCL The linear regression of o versus E yields an a/Elve that is used in charge and 
mobility calculation in Table 4.
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Direct comparison of experimentally determined values as a function of E field and the 
predicted effects of bulk fluid flow on the gradient formation can be observed with the 
plotting of o/E versus electric field (Figure 14). The trends of a/E are similar to those seen 
in Qjpp versus E. The influence of a bulk fluid flow can be simulated using equation 37 and 
a olve/E from either the global fit o or from the slope of o  versus E field and compared to 
experimental data. Figures 15-18 compare the expected behavior of oJve/E with a net bulk 
fluid flow of 5 x 10‘7 cm/second (effects of flow in both directions are shown) using both 
means of determining a lvc/E. These comparisons show that a small bulk fluid flow can 
significantly influence the SSE data under 0.05 V/cm.
Effects of Varying KC1 Concentration on SSE Measured Charge Properties.
The experimentally determined Q ^ ’s of pdfAJ^pdfD^ in decreasing KC1 concentration 
buffers are shown in Figure 19. The individually determined Qapp’s range from 3 e to 7 e. No 
clear trend is observed with the individual data sets.
Combining the individual data sets for the samples in Figure 19 into a global fit (Table
5) gives a narrower range of estimated charges, 4.6 e to 5.8 e. The fits to the data are good 
with the exception of 60 raM KC1 (high E field o’s for the 60 mM solutions do not have a 
linear dependence on E). The appears to be increasing as the concentration drops from 
80 to 20 mM. Using Q^/40e as an indicator of the unshielded charge (Table 5), the fraction 
of charge capable of experiencing the electric field ranges from 1/9 (0.115) to 1/7 (0.145).
The behavior of the exponential component a  as a function of electric field is shown in 
Figure 20. There appears to be anomalous behavior below 0.05 V/cm. The o for each of the 
four KC1 conditions apparently rises at the same rate below 0.05 V/cm but diverge slightly






Figure 14. SSE determined o/E for pd(A)2Q-pd(T)2o (95% confidence intervals) as a function of
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Figure 15. Comparison of the experimentally determined a/E of pd(A)io’pd(T) in 100 mM
KC1 with predicted behavior of a^ /E  (equation 37) with a bulk fluid flow of
± 5 x l(h7 cm/s. The thick solid lines represents the cr^/E determined from (a) the slope of 
a  versus E and from (b) global fit data with representing 95% confidence intervals.
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Egure 16. Comparison of the experimentally determined o/E of pd(A)nQ-pdCI)M in 100 mM
NaCl with predicted behavior of o^/E (equation 37) with a bulk fluid flow of
± 5 x 1(F cm/s. The thick solid lines represents the o^/E  determined from (a) the slope of 
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Egure 17. Comparison of the experimentally determined o/E of pd(A)2Q-pd(T)2o in 100 mM
LiCI with predicted behavior.........of o^/E  (equation 37) with a bulk fluid flow of
± 5 x lO7 cm/s. The thick solid lines represents the o ^ /E  determined from (a) the slope of 
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Figure 18. Comparison of the experimentally determined a/E of pd(A)2Q-pd(T)2o in 100 mM 
(CH ) NCI with predicted behavior of a IE (equation 37) with a bulk fluid flow of
3 4 ave
• ±5 x 107 cm/s. The thick solid lines represents the cr^/E determined from (a) the slope of 
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Figure 19. SSE determined (95% confidence intervals) of pd(A)2opd(T)2Q 
as a function of E field in X mM KG, 20 mM Tris, pH 8.0,20 °C:






















































































































*20 mM Tris, pH 8.0,20°C 
b 95% confidence interval
c Determined from the slope of o vs E at 95% confidence intervals 
d Based on a lve/E
e Predicted electrophoretic mobility from SSE data with D = 1 IF
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as the field increase above this value. Linear regression of the data points in the range of 
consistent o (Figure 21) gives a oave/E that, when converted to 'Qapp (making the assumption 
D / e = k bT), can be used to compare the different procedures for obtaining a more precise 
(Table 4). The 60 and 80 mM global fit Qapp’s do not match up as well with their 'Qapp’s 
as do the 100 and 20 mM KC1 fits. The Q^MOe range is larger; 1/11 to 1/6 o f the charge 
apparently capable of experiencing the electric field.
Plotting the data as o/E verses E field (Figure 22) displays a similar trends as those seen 
with to Qapp versus field. The value of the 20 mM KC1 data appears overall higher but the 
variability o f the individually determined Q,pp’s prevents definitive conclusions from being 
drawn. The comparison of the individually determined o/E’s to the simulated behavior of 
oave/E with bulk fluid flow (5 x 10'7 cm/s) are shown in Figures 15, 23, 24 and 25. The 
simulations suggest the possible influence of bulk fluid flow on o/E at low fields (< 0.05 
V/cm). The oave/E from the slope of o versus E does not appear to accurately represent the 
80 mM KC1 data. Analysis of both the cation type and KC1 concentration data suggests that 
the oave/E from the global fit offers a more precise representation.
The low salt concentration data also appears to have more variability. This can be seen 
more dramatically with lower DNA concentration (under 100 pg/ml). Figure 26 shows SSE 
data at high and low DNA concentration gradients for 60 and 20 mM KCL Three 
observations can be made with this comparison. First, low concentration DNA appears to 
yield higher Q ^ ’s. This trend appears to be consistent for all buffer conditions but more 
modestly than for the 20 mM KC1 data. Secondly, in contrast to the low field behavior of 
high concentration DNA, the Q,pp’s for the low concentration DNA tend to increase with
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Figure 21. SSE determined o for pdfAJa, •pdCOa, as a function of E field in 20 mM Tris, pH
8.0, 20 °C, and in (a) 100 mM KC1, (b) 80 mM KC1, (c) 60 mM KC1, and (d) 20 mM KCL 
The linear regression of o versus E yields an o/Eave that is used in charge and mobility 
calculation in Table 5.













































Figure 22. SSE determined a/E for pd(A)2o-pd(T)2o (95% confidence intervals) as a function of E field
In X mM KC1,20 mM Tris, pH 8.0,20 °C:
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Figure 23. Comparison of the experimentally determined o/E of pd(A)2Q-pd(T)2o in 80 mM
KC1 with predicted behavior of o^/E  (equation 37) with a bulk fluid flow of
± 5 x 107 cm/s. The thick solid lines represents the o ^ /E  determined from (a) the slope of 
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Figure 24. Comparison of the experimentally determined o/E of pd(A)20-pdCD2o in 60 mM
KC1 with predicted behavior of cr^/E (equation 37) with a bulk fluid flow of
± 5 x 107 cm/s. The thick solid lines represents the o^/E  determined from (a) the slope of 
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Figure 25. Comparison of the experimentally determined o/E of pd(A)2o-pd(T)20 in 20 mM
KCl with predicted behavior of o^/E  (equation 37) with a bulk fluid flow of
± 5 x 1CK7 cm/s. The thick solid lines represents the o^ /E  determined from (a) the slope of 
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\Dr-' Figure 26. SSE determined (95% confidence intervals) of pd(A)M-pd(D20 as a function of E field
and DNA concentration in X mM KG, 20 mM Tris, pH 8.0,20 °C: 
a 20 mM (200 pg/ml), a 20 mM (25 |ig/ml),
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decreasing electric fields. Finally, DNA concentrations under 100 |ig/ml (0.2 O.D. with the 
0.2 cm cells) yields data that are more variable and less reproducible than at higher 
concentrations.
An important observation from the KC1 concentration experiments is the inability to form 
gradients or clear mobility boundaries of pdfAJa, •pd(T)20 in 40 mM KCL The DNA can be 
made to migrate under an E field but convection prevents stable patterns. The reasons for the 
convection are unclear. Both 20 and 60 mM KC1 solutions form DNA gradients and mobility 
boundaries. The unexpected behavior of the DNA in 40 mM KC1 underlies sensitivity of the 
AEA to convection and the modest changes in solution conditions to produce it.
Diffusion Coefficient Determination 
Diffusion Coefficient in the Absence of an Electric Field
The diffusion coefficient of the pd(A)M •pd(T)20 has been determined in the AEA and by 
analytical ultracentrifugation. In the AEA, the zero field diffusion coefficient, D0, was 
measured by monitoring the decay of a concentration gradient (Figure 27). Presented in 
Tables 6 and 7 are the statistical averages of a number of D0 determinations of the DNA in 
the four different 100 mM chloride salts and in the different KC1 concentrations respectively. 
The limited precision of this procedure prevents direct comparison of D0 as a function of 
cation type or ionic strength.
Also shown in Table 6 are the diffusion coefficients, Df, calculated from sedimentation 
velocity data as analyzed by the g(s)‘ program. The precision of this method is considerably 
higher than D determination in the AEA.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
26
0
Figure 27. Decay profile of a concentration gradiant of pd(A)2opd(T)2flafter the electric field has 
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THE DIFFUSION COEFFICIENT IN THE ABSENCE OF AN ELECTRIC FIELD OF 
pdCAVpdCT)*, IN DIFFERENT CHLORIDE SALTS
* 100 mM 
chloride salts














10.4 CNA NA NA
*20 mM Tris, pH 8.0, 20 °C 
b Confidence interval are at 65% 
c Not available
TABLE 7
THE DIFFUSION COEFFICIENT IN THE ABSENCE OF AN ELECTRIC FIELD OF 
pd(A)20»pd(T)20 IN DIFFERENT CHLORIDE SALTS
* KC1 
Concentration














10.4 c NA NA NA
*20 mM Tris, pH 8.0, 20 °C 
b Confidence interval are at 65% 
c Not available
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The values for D determined by the AEA and sedimentation velocity are similar. 
Additionally they both fall between the theoretical estimates from the models (see THEORY) 
of between 6.4 and 13.6 F (touching beads and generated prolate ellipsoid respectively).and 
near the Tirado and de la Torre estimated value of 10.9 F and measured value of 11.0 F.
The hydrodynamic friction coefficient obtained from D can be used to calculate a 
predicted electrophoretic mobility from the SSE data (Tables 4 & 5). Table 4 shows that the 
mobilities predicted from SSE measurements are a factor of I Vi lower than the measured p 
in figures 4 and 7. This observation is of great interest. At present, no theory predicts this 
wide a disparity and none of our observations can resolve it.
Piffusion Coefficient in the-Pjesencs of-an-Electric Field
Figures 28 and 29 show the De of pd(A)20«pd(T)20 as a function of electric field for the 
four different cation conditions and the different KC1 concentrations. There is a distinct 
increase in De o ver the range of electric fields. The variability of individually determined De, 
especially at lowest and highest fields, is due in part to the limited number of measurements 
of the moving boundaries that can be free from interference with the membranes. This inhibits 
describing the relationship between De and electric field as linear. It is interesting to note 
however, that the best fit line through De versus electric field gives a zero field intercept 
comparable to the gradient relaxation determined D0 for all conditions except 100 mM LiCl 
(4-11 in different cation solution and 8-17 in the various KC1 concentrations).
Sedimentation Equilibrium 
An estimation of the charge on a macroion can be obtained from the second virial









Figure 28. Diffusion coefficient in the presence of an electric field of pd(A)2Q- pd(T)2o
in 100 mM XC1,20 mM Tris, pH 8.0,20 °C:
■ KC1,- — - KC1 linear fit; a NaCl, • ••*■• NaCl linear fit;
•  LiCl, — — LiCl linear fit; o (CH ) N O , (CH ) NO linear fit



























































Figure 29. Diffusion coefficient in the presence of an electric field of pd( A)2Qpd(T)M
in X mM KC1,20 mM Tris, pH 8.0,20 °C:
■ 100 mM KCI,'—•—•100 mM linear fit; a 80 mM, • 80 mM linear fit;
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coefficient determined in sedimentation equilibrium. As described in Equations 48,49, and 
SO, the nonideal behavior of a charged species will produce increased dispersion in an 
equilibrium experiment. This will be manifested as a lower apparent molecular weight. Using 
the known molecular weight of the macroion in the analysis of the gradient yields an 
estimation of the second viral coefficient. Experiments with pdCA)^ •pd(T)20 in 100 mM KC1, 
20 mM Tris, pH 8.0, at 20 °C generated a B of 0.085 ±.035. This corresponds to a of 
-3 .2  e. The sensitivity of B to factors such as mass homogeneity limits the confidence in 
charge determination from sedimentation equilibrium.
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DISCUSSION
IniiodugtiQD
Assessment of ChargeDetermination Procedures in the AEA
The AEA offers new and enhanced procedures for investigating polyelectrolyte theory 
and the solution behavior of charged macromolecules. Development of the AEA as a viable 
biophysical instrument requires exploration into the range and accuracy of the four types of 
measurements made in it. In particular, it is necessary to address the potential influences on 
electrophoresis due to the membranes at either end of the cuvette. The use of 
pd(A)20«pd(T)20 as a model compound allows the soundness of the simple theory under 
various solvent conditions to be tested. The four types of measurements can be combined to 
evaluate electrostatic behavior and address the roles of ion condensation and counterion 
shielding in electrophoresis.
One goal of the AEA has been to obtain the charge properties (Q^p and p) of a macroion 
using different procedures. However, the four procedures lead to significant discrepancies 
in the determined charge properties. For instance, the electrophoretic mobility can be 
determined experimentally from a moving boundary or it can be predicted from SSE data 
(a/E) combined with a D from either experiment or literature. Comparing the predicted 
mobilities in Tables 2 and 3 to the measured p ’s in Figures 3 and 6 reveals the discrepancy, 
with the experimentally determined p being I Vi to 2 times higher than the predicted value. 
An evaluation of the Qapp obtained from SSE and predicted from p data yield a similar
84
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discrepancy. Currently, there is no theoretical basis to account for the magnitude of the 
differences in these properties. Further investigation of possible optical problems and the 
possible influence of bulk fluid flows are necessary steps in addressing the discrepancy.
While the SSE and p determined charge properties of the DNA do not appear to directly 
correspond, they can be used individually to assess the impact on the charge of the DNA from 
solutions of different ionic compositions.
Evaluation of the Ranee and Behavior of the AEA Measurements 
AEA measurements are taken over the broadest range of E fields and evaluated for 
consistency and precision. Certain behavioral trends appear to reflect an electric field 
dependence. It is important to determine whether these behaviors are experimental artifacts 
that indicate apparatus limitations (possibilities are discussed below) or whether they 
represent behavior unaccounted for in the simple theories.
Figures 10 and 19 show that the determined from SSE experiments are generally 
constant over a significant range of electric fields. Two areas that exhibit possible anomalous 
behavior are the data at the highest and lowest E fields.
Previous analysis of SSE data (25) postulates that curve fitting limitations are one 
probable cause. Consistent with this contention, the global fit of gradients taken over the full 
range of E fields yields values similar to the constant range Qapp’s with only a slight increase 
in the root mean of the fit and with comparable residuals. A representative example (Figure 
11) shows that low field gradients can easily fit to a global o. This supports curve fitting 
limitations as a valid explanation of the behavior at low fields but does not prove it.
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As shown in figures 15-18 and 23-25, bulk fluid flows as low as 75 nL/hour are capable 
of altering macroion gradients. Influences from the apparatus are discussed below as possible 
explanations for the low field behavior.
The precision o f the SSE measurements can be seen in Figure 30. The of 
pdCAJafpdCDa, was determined in five different set-ups using the same DNA stock solution. 
The high and low E field data shows variability but the mid-range fields are generally 
consistent. It appears that the SSE determined of pd(A)M •pd(T)20 cannot be determined 
better than ± 1 e. The variability in the measurements can be attributed partially to the flicker 
and wander in the mercury arc-lamp light source.
The moving boundary in an electrophoretic mobility experiment appears to have a 
constant velocity. The fitting of the modified Gaussian to the Ac/At profiles yield consistent 
changes in the position of the centroid of the boundary (peak of the profile) with time. The 
precision of the procedure and the relationship between the migration of the boundary and 
the applied E field can be see in Figures 31 (1.7 V/cm p determinations from different set-ups) 
and 32 (same set-up, different E fields). The reproducibility of the mobilities, and the 
consistency of the migrating centroid, shown in Figure 31 suggest that this procedure 
effectively generates and monitors electrophoretic flux based on the charge characteristics of 
the macroion.
One important observation from Figure 32 is the consistency of the velocity of the 
boundary at each E field. The velocity of the moving boundary at the early stages of the 
experiment is the same as the boundary at the latter stages. The decrease in p at low E field 
seen in Figures 3 and 6 is reproducible but still unexplained. The apparent lower velocities
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Figure 31. Reproducibility of 1.7 V/cm p. experiments using four
different set-ups of pd(A)2o pd(T)2o in 100 mM KC1,20 mM Tris, pH 8.0, 20° C.
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at these field are still consistent throughout the experiment.
The spreading of the migrating boundary appears to be E-field-dependent. The De 
derived from the boundary spreading increases with E field and can show significant variation 
from experiment to experiment. Electric-field-dependent flows (those linearly dependent on 
E) are expected to act like an additional velocity term and not increase dispersion unless they 
promote convection.
Charge heterogeneity and structural fluctuations (end fraying, base pair openings) would 
lead to increased spreading like that observed here. However, simulated data suggests that 
the extent of inhomogeneity and fluctuations need to produce spreading of this magnitude far 
exceeds their expected levels (Thomas Moody and Thomas Laue personal communication). 
A sufficient explanation of the increased spreading is currently unavailable.
The decay analysis in D0 experiments generally yield data that is consistent with the 
mathematical model of diffusion (Equation 40) in the AEA (Figure 33). There can be 
however, up to a 20% differences in the D0 obtained in different experiments under similar 
conditions. The variation is not easily explained. Experiments using 0.4 cm length cuvette 
have yielded more consistent data. Full analysis of a macromolecule in the AEA may require 
the use of cuvettes of different dimensions.
Assessment of the Contributions to the Observed Concentration Distribution That Are a 
Consequence of the Apparatus or the Process of Electrophoresis
Development of the AEA requires the identification and analysis of potential processes 
and properties that affect the concentration distribution that are not properties of the









Figure 32. Diffusion coefficient determination of pd(A) -pd(T) inlOOmMKQ,
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macroion. Nonuniformity of the E field and altered migration due to electroosmosis can 
distort the laminar concentration distribution leading to inaccurate optical profiles. These 
processes should reveal their significance in an E-field-dependent manner. Bulk fluid flow 
acts like a force term that is not accounted for in simple theory. The significance of its effects 
should be observed in the advancement or impediment of the electrophoretic flux in SSE and 
p determination experiments.
Potential Influences on the Optical Detection of the Concentration Distribution Due to a 
Nonuniform Field at the Cuvette Wall
All interpretations of AEA data are premised on laminar flow through the cuvette and 
a laminar concentration distribution across the cuvette that is driven by a uniform E field. The 
Reynolds number determined for the (0.2 cm)3 cuvette strongly suggests that the solvent 
flowing thought the AEA is indeed laminar (INTRODUCTION). The extent to which the E 
field through the cuvette is uniform is difficult to gauge. Figure 1 demonstrates how the 
nonuniforra E field at the cuvette wall can result in non-laminar concentration distribution and 
potentially influence the accuracy of the optical detection. Significant distortion of the optical 
profile will invalidate the simple theory used in these investigations.
The electric potential that drives ionic migration must go from a finite value inside the 
cuvette to a value of zero at the wall. In the AEA, the E field is calculated from 
measurements substituted into Ohm’s Law (E field = I Ik  a). Previous investigations have 
shown this procedure to provide an acceptable description of the potential between the two 
membranes. (25). However, an accurate description of the E field near the wall of the cuvette 
is not possible in the AEA. Assuming an exponential decay, the significance of any transition
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region to the accurate optical detection can be assessed with two parameters. The 
exponential describes how far the E field transition region extends in towards the middle of 
the cuvette and, thus, defines the shape of the distortion. The second defines the length of 
time required for a macromolecule to diffuse out of the transition region. Addressing these 
parameters allows a comparison of the distance that molecules in the rest of the cuvette 
migrate while others are trapped in the transition region. While the actual behavior of the 
transition regions remains unclear, it is expected that the potential influence can be quantified.
Expectations are for the E field transition region to occur within 10 to 20 nm of the 
cuvette walL This encompasses an area o f significantly less than 0.01% of the cuvette. A 
concentration discrepancy in this small of an area would not be detected. This is true even 
if the transition region extends out a micron (still less than 1% of the total area of the 
cuvette). It is not until the transition region is projected to extend 0.1 mm into the 2 mm 
cuvette that there is a significant amount of area (10%), and potential non-laminar 
concentration distribution, capable of altering the analyses.
The longer a macromolecule stays in the nonuniform E field region the greater the 
potential for altering the laminar concentration distribution. The time it takes a 
macromolecule to diffuse back into the region of laminar migration from the transition region 
can be estimated from Einstein’s equation describing a random walk:
where x2 is the mean square distance traveled in time At (time of flight) for a molecule of
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diffusion coefficient D. Using a D of 11 F for 20 base pair DNA, it would only take 1.8 ps 
to diffuse out of a 20 nm transition region. The relationship between the thickness of the 
transition region and the time it would take to diffuse out is shown in Figure 34. Even with 
a transition region of 1 pm it takes only 4.5 milliseconds for the DNA to return to the laminar 
concentration region. Simulations suggest that millisecond time scales are too short to 
account for the trends found in the AEA data (Thomas Laue personal communication).
It is important to relate the time of flight from the transition region to the velocity of 
migrating boundaries in order to put the consequences of a nonuniform E field into 
perspective. In SSE experiments, the low Gelds (0.02 < E < 0.3 V/cm) generate DNA 
velocities on the order of 0.1 to 1.0 pm per second. This means that a molecule in a 1 pm 
E Geld transition region would diffuse out before a similar molecule in the center of the 
cuvette had migrated an additional 4.5 nm. In p determination experiments (0.3 < E < 5.5 
V/cm), the molecules at the center of the cuvette molecules would migrate less than 75 nm 
before a molecule diffused out of the 1 pm transition region. Both scenarios assume the 
macroion to be diffusing from the wall and that the electrophoretic migration in the entire 
transition region is zero.
Analysis of the AEA data suggests that the Geld transition region does not signiGcantly 
alter the absorbance proGle. Optical problems due to altered migration in the transition region 
are presumed to be E Geld dependent. High Geld data would be the most susceptible to 
inffuences Grom the nonuniform Geld because of the higher electrophoretic velocities and the 
greater extent of the E Geld transition. But, SSE and p data are consistent over a 2 to 3 fold 
range of the higher E Gelds. The anomalous behavior seen at the low Gelds in SSE is not














Figure 34. The relationship between the thickness of the E Reid transition region and the time 
it would take for a moleule to difuse out according to Equation 53



















































believed to be a product of the nonuniform E field because of the lower velocities and the 
shallowness of the gradients.
Taken together, it seems reasonable to deduce that the anomalous behavior seen in the 
AEA data is not a manifestation of an E field transition region as long as these regions are less 
than 1 pm in extent.
Elgctroosmosis
Perturbation of migrating ions can occur at the interface between the solution and the 
cuvette due to the slight negative charges present on the quartz surfaces. The preferential 
flow of positive ions along the stationary quartz interface (electroosraosis), combined with 
surface repulsion of the DNA, has the potential o f creating local regions of altered mobilities, 
thereby distorting the electrophoretic flow and creating a non-laminar concentration 
distribution. Figure 1 can be used to describe the potential influence on the optical profile due 
to electroosmosis in a manner similar to the argument for the nonuniform E field transition 
region. Electroosmosis also is expected to have the property of E field dependence. 
Fortunately, electroosmosis is known to occur within a few molecular diameters (< 20 nm) 
of an interface (55).
The same dimensional arguments that were applied to the nonuniform E field transition 
(limited thickness of the region, brief time of flight out of the region, and the limited general 
migration) can be applied to electroosmosis. Additionally, the extent of the interaction at the 
interface has been investigated by treating the surface of the cuvette with a siliconizing agent 
to make it non-wetting. The siliconizing agent applied to the cuvette forms a hydrophobic 
surface that is believed to eliminate preferential interactions. The results of the measurements
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taken before the coating have been compared to those taken after the coating and analyzed 
for reproducibility and E field dependence. Within the sensitivity of the apparatus, there 
appears to be no difference using the siliconized cell SSE and p data still show anomalous 
low field behavior. Experiments measuring D0 and De yield results in the expected ranges.
Electroosmosis does not appear to be the reason for the observed trends. The flow of 
positive ions along the wall of the cuvette does not appear to generate a significant alteration 
to the laminar concentration distribution. In future AEA experiments, the significance of 
electroosmosis may need to be verified for certain types of macromolecules and solvent 
conditions that lead to preferential interactions with quartz.
EoisntiaL Infiuengsjpf ,So)y tion-Mgmbrane Interactions
A fundamental concern in all AEA experiments is the role of the membrane. One of the 
earliest steps in the development of the AEA was the testing of various types and sizes of 
membranes (25, 51) using macromolecules such as cytochrome c and lysozyme. The 
regenerated cellulose membranes were found to provide minimal charge and molecular 
interaction. Still each macromolecule has its own set of properties which are sensitive to 
factors such as salt concentration and E field. Electrostatic interactions of the 
pd(A)20«pd(T)20, or components of the buffer solution, with the slight negative charges of the 
membranes can potentially alter laminar flow and the laminar concentration distribution.
Dialysis membranes have pones that limit the size of a particle able to pass through them. 
The membrane casting procedure is such that the amount of regenerated cellulose per unit of 
area decreases with increasing pore size. If migrating ions interact with the membrane bound 
charges, then varying the pore size and, therefore, the amount of membrane material, will
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affect measurements in the AEA.
Membranes of various molecular weight cut offs (MWCO) were used in SSE and 
mobility experiments under a variety of conditions and compared for reproducibility. Three 
MWCO pore sizes (3500,6-8 K and 14 K) of regenerated cellulose dialysis membranes were 
used in investigations conducted at electric fields of 0.05 to 0.3 V/cm (SSE) and 0.3 to 8 
V/cm (p) in 10, 20, and 100 mM KCL Within the precision of the measurement, all three 
membranes behaved identically (with the exception of an increased loss of DNA with the 14 
K MWCO). These results, combined with the earlier membrane studies (25), indicate that the 
porosity of the dialysis membrane used in our experiments with pd(A)20 •pd(T)20 does not 
significantly affect the results.
Assessment.of the Influence on the Observed Concentration Distribution Due to Bulk Fluid 
Flow
The aim of the AEA is to monitor the migration of macroions attributed to an applied 
E field and diffusion. Simple theory may then be used to obtain the charge and hydrodynamic 
properties of the migrating species. But, an apparatus that produces crossing currents of 
migrating ions, macromolecular gradients, and employs a constant flow buffer system is highly 
susceptible to the generation of bulk fluid flows capable of influencing the distribution of the 
macroion. Determining the circumstances in which bulk fluid flow significantly colors analysis 
of AEA measurements is imperative in the development of the apparatus.
Bulk fluid flow can be thought of as contributing an extra velocity term (either positive 
or negative) to the theories used to describe electrophoresis and diffusion. This term may be 
E field dependent such as those produced if the sum of the flows of current carrying hydrated
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ion is not zero or from osmotic pressure differences generated by developing concentration 
gradients at the two membranes. The velocity term may also be E field independent, an 
example being one generated by a hydrostatic pressure difference across the cuvette. 
Simulated data suggest that the minimum rate of bulk fluid flow capable of influencing AEA 
measurements is on the order of 75 nL/hour which is well below the ability of simple 
quantitative measurements. Its significance, however, can be deduced from AEA 
measurements showing characteristics of the those flows.
A linear E field dependent bulk fluid flow should influence AEA measurements as the 
addition or subtraction of a constant to the true values (Je = c Q E/f e + 'F  E). In other words, 
E field dependent bulk fluid flow acts like an additional velocity term (positive or negative) 
that is a function of the applied field and will enter into the determined values as a modified 
electrophoretic velocity.
The importance of E field dependent bulk fluid flow can be addressed by monitoring 
AEA measurements at conditions which maximize the extent of a flow or accentuate a 
difference in flows. The significance of an excess of water being carried in the hydration 
sphere of one of the salt ions can be approached by alternating the direction of the bulk fluid 
flow and observing the change in the magnitude of the measurements or the reversal of a 
trend. Osmotic pressure effects should increase with the increase of the concentration 
difference at the two membranes. Both SSE and p data contain large macroion concentration 
difference at the membranes and can be used to probe for osmotic influences.
The significance to AEA measurements of a hydrostatic pressure difference across the 
cuvette was investigated by mismatching the buffer flow rates and observing the effects.
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These potential influences to the AEA measurements are discussed in turn below. 
Evaluation of AEA Measurements for the Significance of Hvdration Sphere Induced Bulk 
Fluid Flow on the Observed Concentration Distribution
The laminar flow of 100 mM hydrated ions through the AEA cuvette are on the order 
of pL/s to nL/s. Bulk fluid flow produced by the non equal hydration of the cations and 
anions will also be of this magnitude. The extent that such low flows influence the charge 
measurements of pd(A)20«pd(T)2O was investigated by using chloride salts with cations 
exhibiting either a larger (Li+) or smaller [(CH3)4N +] number of waters in their hydration 
sphere (compared to chloride’s 4 waters).
LT has a hydration sphere of 6 waters while (CHj)4N+ has only 2 waters. The bulk flow 
produced by the LiCl should impede the electrophoretic flow of pd(A)20 •pd(T)20 while 
(CH3)4NC1 induced flow should augment it. The expectation for the influence of bulk fluid 
flow on AEA measurements is either an E field dependent increase or decrease depending on 
the direction of the flow.
Figure 35a shows the p ’s of pd(A)20»pd(T)20 in the two salt conditions as a function of 
E field. For an E-field-dependent flow, a constant offset in mobilities is predicted. While the 
difference in the magnitude of the mobilities are primarily a function of the cation type, the 
maximum difference that could be attributed to the hydration sphere induced bulk fluid flow 
(but probably significantly less considering the bulk fluid flows are in opposite directions) is 
about 15%. The similarity in the low E field trend (decreasing p with decreasing E field) 
suggests that the phenomenon responsible for that behavior is not a linear E-field-dependent
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Figure 35. Comparison of the AEA determined (a) electrophoretic mobility and, (b) a, of 
pd(A)M-pd(T)2o (95% confidence intervals) as a function of E field in 
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bulk fluid flow but a flow that depends on polarization which goes as E2 (Je = c Q E/fe + 'F  
E + " F  E2).
The excess spreading of the p boundaries that translates into increasing De’s with 
increasing E field is not likely to be produced by hydration sphere induced bulk flow unless 
the flow leads to convection. A preferential flow through the AEA cuvette in a mobility 
experiment would be expected to act like an additional velocity term. From the frame of 
reference of the migrating boundary, a laminar bulk flow (especially the nL/s flows 
experienced in the AEA) would not promote the dispersion of macromolecules seen in the 
mobility experiments.
The same argument for the influence of hydration sphere induced bulk flow on 
electrophoretic flux can be made with SSE data although the low electrophoretic flows 
suggest a lesser potential impact. Figure 35b shows the similarity of o’s of pd(A)20 •pd(T)20 
in LiCl and (CH^NCl over the low and mid-field E fields. The magnitude of the difference 
in the a ’s is less than 10%.
The most likely explanation for the high field (CH3)4NC1 behavior is in the chemistry of 
(CH3)4N+ with the membranes and the DNA. (CH 3)4N + is well known to behave atypically 
under certain circumstances (38,54).
The relationship between the anomalous behavior of at low electric fields (Figures 
10 and 20) and hydration sphere induced bulk fluid flow, if it exists, cannot be established. 
Simulated data predicts that the lowest flows capable of being detected as forming a gradient 
from a uniform concentration distribution is 75 nL/hour. But it is also a reasonable conjecture 
that, in the AEA, the nL/hour flow rates of the hydrated ions at the lowest fields are subjected
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to real solution dynamics and do not produce distinct alterations in the gradients. However, 
if ion-induced bulk fluid flow is an influence on the electrophoretic velocity of the 
macromolecule, then its prominence may require these very low macromolecular velocities 
to become detectable.
Assessment of  Osmotic Pressure Induced Bulk Fluid Flow On the Observed Concentration 
Distribution
The osmotic pressure, 7t, across a semi-permeable membrane is proportional to the 
concentration of the macromolecule on the one side. The argument for osmotic pressure 
induced bulk fluid flow in the AEA is considered for a steady state gradient in which the 
concentration of the macromolecule at the two membranes is different. If the 7t is a function 
of the total concentration inside the cell, then both membranes experience the same pressure 
and there is no net flow. If, however, 7t is a micro or local phenomenon, then the areas 
adjacent to the membranes will generate unequal osmotic pressures. Experimentally, this 
would be manifested as E field dependent osmotic pressure flow (Equation 30 reveals the E 
field dependence to be exponential). At high fields, the gradients are steeper and 
consequently would generate larger flows. The osmotic flow would act to reduce the 
electrophoretic flux thereby yielding lower o’s. This argument is particularly relevant during 
the establishment of an SSE gradient and can be extended to concentration gradients in 
mobility and diffusion experiments.
An important consideration in assessing the significance of osmotic pressure on the 
concentration distribution is the defining the magnitude of the tc under the conditions of these 
experiments. The force due to osmotic pressure in the AEA can be expressed as:




F = —  -----------------
K, K,
where Ac, and Ac, are the concentration differences at the two membranes that exhibit 
permitivities of K, and K, respectively. Assuming no inhibition to flow at the membranes and 
300 pg/ml of pdCAJa, *pd(T) M the upper limit of Tt in SSE is on the order of 10‘3 
atmospheres. Any appreciable resistance at the membranes will reduce the flow through 
them. It is difficult to quantify this pressure because the resistance to flow of the membranes 
is not known.
An argument can be made against osmotic flow at steady-state in SSE experiments. 
Figure 36 represents an SSE gradient divided up into numerous boxes. The osmotic pressure 
at the top membranes is directed into the first box of the cuvette. The macroion 
concentration in the second box is higher than that in the first, thereby creating an osmotic 
pressure directed into the second box. This argument can be propagated all the way to the 
last box (bottom membrane). The concentration in the last box creates an osmotic pressure 
into the box. The sum of the osmotic pressures in all but the last box is equal and opposite 
to the osmotic pressure into the last box. The two osmotic flows cancel each other and do 
not produce a bulk fluid flow.
Analysis of the AEA data suggests that osmotic flow does not significantly influence 
electrophoretic flux. Two lines of evidence support this contention. First, a  versus E data 
is linear over a broad range of fields and, therefore, a broad range of macroion concentration 
differences (Figures 12 and 21). With the exception of 60 mM KCL and 100 mM (CH3)4N+















Figure 36. A representation of the argument against osmotic induced bulk fluid flow through the AEA in a 
SSE experiment The arrows indicate the direction of the osmotic flow through sections of the cuvette



















































data (the two conditions that do not behave well at high SSE E fields), there is no evidence 
(curling down of a ’s at high E fields) for significant retardation of the electrophoretic flux. 
Secondly, in p determinations the centers of the moving boundary (the peak position of Ac/At 
analysis shown in figure 2b) are equally spaced (Figure 2c, 31, and 32) over the detectable 
region of the cuvette even though the concentration differences of pd(A)20 •pdCDa, at the two 
membranes becomes increasingly different (20-fold or more) at the later times.
Osmotic pressure induced flow is most likely not a factor for the decreasing p with 
decreasing field. Velocity determinations start with a homogeneous concentration distribution 
of macroions. Velocities taken at the beginning of the experiment in which little to no 
gradients have formed are the same as velocities at the end of the experiment indicating no 
significant impediment to electrophoretic flux.
Similar to the argument against the spreading of the p boundary (DJ due to hydration 
sphere induced bulk fluid flow, osmotic induced flow should act like an additional velocity 
term and not promote dispersion of the macromolecules Unless osmotic-induced flow leads 
to convection, the large E field dependent spreading in mobility experiments is probably a 
result of a different phenomenon.
In D0 experiments, the concentration difference at the membranes is considerably less 
than in most SSE and in all p determinations. Considering the requirement of allowing -2000 
seconds to pass in D0 determination before taking data, the expectation is for the gradient to 
relax significantly and the difference in 7t to be small The decay profile in Figure 27 and the 
representative fit shown in Figure 33 suggest that decay of the gradient fits Equation 40 over 
a broad range of times and concentration differences at the membranes. It should be noted
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that a roughly exponential decrease in a bulk flow with time will lead to an analysis that fits 
a straight line and yields a wrong D0 (Tim Wilson and Harvey Shepard personal 
communications). The significance of osmotic induced bulk flow in diffusion experiments 
appears to be small but cannot be ruled out.
The Effects of Hydrostatic Pressure. Differences on the Observed Concentration Distribution
In the AEA, buffer is pumped continuously past the membranes at rates of 20-40 ml/hour 
in order to flush out electrolysis products and to minimize ion gradients in the cuvette due to 
electrodialysis. The flow rates in the upper and lower buffer chambers are matched to prevent 
a hydrostatic pressure difference from being formed across the cuvette. Exact matches are 
not always possible due to limitations of the tubing and peristaltic pump. The significance to 
AEA measurements of a hydrostatic pressure difference across the cuvette has been 
investigated by purposely mismatching the flow rates in the two chambers. Steady state 
gradients were formed with the top chamber having no flow or Vi the flow of the bottom 
chamber. Similar experiments were performed with the lower chamber having the reduced 
flows.
figure 37 shows the a ’s of SSE gradients of pd(A)20 •pd(T)20 in 100 mM KC1, 20 mM 
Tris, pH 8.0 at 20° C formed in low and mid range E fields (0.026 and 0.065 V/cm 
respectively) under the different flow conditions. The a ’s from the mid range E field were 
within 5% of each under all flow conditions. The low field a ’s were completely dependent 
on flow conditions. Rows favoring electrophoretic migration increased o while flows 
opposing decreased a. While the magnitude of the change in a  was similar at both fields, the 
ratio of change was distinct. This evidence indicates that the range of E fields that yield
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Figure 37. The significance of hydrostatic pressure in gradient formation in the AEA. 
Hydrostatic pressures across the cuvette were created by mismatching the buffer flow 
rates through the top and bottom buffer chambers. The o's were measured for
pd(A) -pdCD in 100 mM KC1,20 mM Tris, pH 8.0,20 °C at □  0.026 V/cm 
r  20 20
and ■  0.065V/cm in which there was either no flow through the chamber or the flow 
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higher, consistent a ’s are not significantly influenced by the applied bulk fluid flow but that 
the low field data can be influenced.
While it is evident that hydrostatically induced bulk fluid flow is capable of influencing 
the concentration distribution it is not proof that the anomalous behavior at low field is the 
result of this flow. Effects on a required large discrepancies in the flow rates and efforts are 
made to match the flows. More quantitative studies have been proposed (Tim Wilson 
personal communication) in order to better characterize the effects of hydrostatic pressure. 
A back pressure can be produced by preferentially reducing the sizes of the tubing leading 
from the apparatus. Monitoring the effects of the tube size on the measured a may offer 
additional insights
Effects of Varying Monovalent .Cations on the Electrophoretic Properties of pdfAl^'p d fD ^  
Most theoretical predictions (see THEORY) for the charge, and the ionic shielding, of 
macroions have little to no dependence on the type of monovalent counterion used. Roles 
for affinity of the counterion to the macroion, radius of the counterion and size of the 
hydration sphere of the counterion are not incorporated. Only the DH theory integrates the 
radius of the counterion in its calculation of the center to center distance of closest approach. 
With pd(A)20 •pdfDj,, in chloride salts of either KC1, NaCl or LiCl, the distance of closest 
approach changes by less than 10%. According to equation 15, this should lead to changes 
in the Q e ff of less than 3%. Even with a cation 2 to 3 times larger, (CH3)4N+, the difference 
in Qeff for pd(A)20*pd(T)20 is less than 10%.
The MCC theory does not predict a cation type dependence in charge shielding. Manning 
argues (38) that the differences in the magnitude of the mobility of a polyelectrolyte in the
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different chloride salts would be a function of the “..different transport characteristics of 
different small-electrolyte solutions....”. In other words, the mobility (Table 1) of the cations 
(Manning uses the term equivalent conductance) directly influences the overall mobility of 
the DNA. Manning calculates the difference in mobility for an infinitely long polyelectrolyte 
in LOO mM LiCl compared to 100 mM KC1 to be about 7%. Manning also discounts DNA 
mobility data in (CH^N* due to its atypical DNA binding behavior (38, 54). Organic cations 
(quaternary amines bearing a formal positive charge) are recognized (54) to interact act with 
aromatic groups (bases in the DNA). This unconventional ionic bonding (proposed to be 
more stable than those with anionic residues) is capable of producing electrophoretic behavior 
unaccounted for in simple theory.
Evaluation of the mobility data of pd(A)20 •pd(T)20 from the AEA (Figures 3 ,4 ,5  and 
Table 2) reveals that there is a cation dependence to p. It appears to follow the strength of 
the affinity of the cation for DNA [it also follows the radius of the unhydrated cation and, 
with the exception of (CHj)4N+, the mobility of the cation] similar to experiments performed 
on large DNA by Ross and Scruggs in 1964. They proposed that the closer a cation is able 
to approach the DNA (smaller radius), the higher its affinity for the DNA and the better it is 
able to shield the macroion from the E field thereby yielding lower mobilities.
The magnitude of the differences in p between the different cations is larger than would 
be predicted from the difference in cation radius (DH) but in reasonable agreement with 
MCC. The AEA mobility data cannot substantiate either the significance of cation affinity for 
DNA or MCC as the correct description of the cation dependent mobility of pd(A)20 •pd(T)20. 
It does appears however, that the AEA measured mobilities exhibits both charge and
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hydrodynamic influences.
The SSE data of pdfA ^ 'pdfT ^ presented in Figures 10, 11, 19,20 and in Tables 4 and 
5 do not demonstrate clear cation type dependence. The variability of individually determined 
(ipp’s limits interpretation. The combined fits provide more insight. Neglecting (CH3)4N+, 
the slope of the best fit line to a versus E yields range of Qirr’s of 5.0 ± 0.5 e. The sensitivity 
of the slope to individually determined o’s reduces the precision of this technique (this is more 
readily seen in the KC1 concentration experiments). The Q ^ 's  from the global fits are -  5 
e and have over lapping 95% confidence intervals. Global fit Q ^ ’s appear to a better way 
of presenting SSE data because it yields consistent values, combines all of the actual data and 
can use scans from a broader range of E field.
The similarity of the SSE determined charge of pd(A)20 •pd(T)20 under theses 
experimental conditions [with the exception of (CH3)4N+] suggest that there is no significant 
cation dependence. This is in accordance with the MCC theory. The SSE procedure appears 
to produce conditions that isolate the actual charge of a macroion.
Comparing the charge properties determined from SSE and p demonstrates the current 
state of development of the AEA The determined from the two procedures yield 
different values (-  5 e and ~ 6.5 e respectively). Additionally, p data exhibits greater solvent 
dependence than SSE. Consolidation of the two procedures is currently in progress. The 
sensitivity of the p determination to solution conditions might allow particular influences to 
be evaluated that augment the basic charge determined by SSE
Effects of Varying the Ionic Strength on the Electrophoretic Properties of pd(A)^»pd(T)^ 
The role of counterion shielding of macromolecular charge is an important concept in
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understanding raacromolecular interactions. Theoretical prediction for the reduction of 
rnacroion charge by counterions starts with coulombic attraction and thermodynamic 
distribution. The AEA measured electrophoretic flux of pd(A)20 •pd(T)20 is expected to 
increase with decreasing KC1 concentration.
The DH theory predicts that the counterion shielding of a macroion will be proportional 
to the square root of the ionic strength. The high salt conditions used in these experiments 
(ica i  1 as required in the derivation of Equations 12,13 and 15) limit the validity of predicted 
DH values for the DNA in the different salt conditions but can still be useful in describing the 
potential effects of ionic strength. Increasing the KC1 concentration from 20 mM to 100 mM 
(20 mM Tris, pH 8.0) is predicted to reduce the charge of pd(A)20 •pd(T)20 if the basic 
principles of the Poisson-Boltzmann equation hold at these high salt concentrations 
Evaluation of Simple Theories in the Context of AEA Measurements
An essential aspect in the development of the AEA is to provide experimental data that 
can be used to evaluate macroraolecular charge theory. Figure 38 combines the theoretical 
predictions and experimentally determined values for the apparent charge of pd(A)20 •pd(T)20 
in 100 mM KCL The large degree of variability in the predicted values is evident. Predictions 
based on the AEA determined mobility and both procedures for the interpretation of the SSE 
data yield Qipp’s that are lower than theoretical predictions. It appears that charge on 
macroion capable of experiencing the E field in the AEA exhibits a greater level of shielding 
than expected.
Of all the AEA techniques, SSE has the greatest potential for accurately determining the 
Qapp. The balancing of fluxes discussed in the derivation of the^jj equation allows the

































hydrodynamic component of the electrophoretic migration to be eliminated or dramatically 
reduced. This is consistent with the constant value of -  5 e returned from global fit data over 
the range of solvent conditions. It also in line with the apparent solvent dependence with p 
determination and not SSE.
Current polyelectrolyte theories involve a complex mixture of counterion condensation 
and counterion shielding. Electrophoretic mobility determination in the AEA can be used to 
investigate the dynamics of the counterion distribution around a macroion. The velocity of 
a moving boundary is distinctly affected by the drag of its counterion atmosphere and the 
degree of condensation. Mobility in the AEA can be used assess the characteristic 
interactions between macroion and counterion and to complement the basic charge values 
obtained from SSE.
Determining the diffusion and friction coefficients of particles migrating in an electric 
field is a critical feature in interpreting AEA results. The development of mathematical 
models describing the diffusion behavior of particles in the AEA has been an important 
advancement its development. However, additional study is still required to interpret the 
excess spreading of the moving boundary in p determination. The hydrodynamic information 
obtained from De suggests an decreasing frictional coefficient with increasing E fields that is 
not consistent p and SSE data. For this reason, the diffusion coefficient used for charge 
property calculations is one taken in the absence of an E field.
It appears that there are better techniques for obtaining a D0 than the AEA. The D 0 
determination in the AEA is potentially susceptible to extraneous forces or any type of 
convection. Sedimentation velocity gives cleaner and more reproducible numbers. Previous
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experiments (12, 62) on 20 base pair DNA have yielded results similar to sedimentation. 
Further refinement of the D0 procedure is still required.
The current level of AEA data cannot offer conclusive evidence in support or opposition 
to the different theoretical predictions. The GCMC predictions appear distinctly large 
compared AEA determined p and Qapp values but the results of the measurements can be 
interpreted within the parameters of DH and MCC. Mobility data as a function of ionic 
strength is consistent with the Debye length (Equation 12) of the DH theory. However, p 
determination of pd(A)20 •pd(T)20 in the different chloride salts shows a cation dependence 
in excess of predictions.
The Manning counterion condensation theory uses solution dynamics (equivalent 
conductance, intrinsic frictional coefficient) to describe the observed differences in the 
mobilities of polyelectrolyte. The apparent consistency of the global fit SSE data (frictional 
factors cancel) and the solvent dependence in p determination are in general agreement with 
his basic contentions but do not specifically validate them.
The Record and Lohman prediction of an apparent charge of -7.6 appears to be the 
closest approximation to AEA values. The combination of counterion condensation and DH 
shielding is consistent with the large degree of charge reduction in SSE and p determination.
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CONCLUSION
The development of devices capable of analytical electrophoresis is essential in expanding 
the understanding of charge-related properties of macromolecules. The AEA has been shown 
to generate and monitor the electrophoretic migration of macroions. Theoretical descriptions 
of the electrostatic and hydrodynamic nature of a macros allows the apparent charge and 
electrophoretic mobility of the species to be determined.
Evaluation of the AEA measurements under a variety of E fields and solvent conditions 
shows that there are regions of measurements that yield consistent, reproducible values and 
regions of possible anomalous behavior. Influences of the concentration distribution on the 
macroion unaccounted for in simple theory have been sought and investigated in the context 
of using a model compound. Solvent conditions were chosen to evaluate aspects of 
polyelectrolyte theory. While charge determinations from different procedures have not been 
consolidated into a consistent theory, advancements in the scope and understanding of the 
AEA’s potential have been made.
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Appendix 1
ELECTROPHORETIC MOBILITY (p)
In a mobility experiment, the forces on the particles are balanced so that a 
constant-velocity boundary is observed. During electrophoresis there are four forces acting 
upon the macro-ions:
1) The electrophoretic force, F l=  Q E where Q is the residual charge and E is the electric 
field
2) The hydrodynamic frictional force, F2 = -fj-v with £ is the Stokes frictional coefficient (this 
is justified as long as neither the macro-ion’s size nor the solution viscosity are affected 
greatly by the field) and v is the particle’s velocity
3) The electrophoretic or charged solvent effect, F3. This drag arises from the attraction of 
the counterions to the opposite electrode
4) The relaxation or field asymmetry effect, F4. The distortion of the counterion cloud 
around the particle (in the opposite direction of the poarticles migration) creates a dipole that 
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The total force on the macro-ion is zero:
FI +F2 + F3 +F4 = 0 or -F2 = ftv = FI + F3+F4
F3 and F4 are directly proportional to the applied field. However, there is uncertainty 
surrounding their contributions. They are therefore combined with f, into a friction coefficient 
in the presence of an E field, fe. The p can than be describe as follows;
-fe -v = FI + F3 +F4 = Qapp* E 
therefore 
P =v/E = Q«pp/fc
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